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Chemical processing microsystems and controlling reaction conditions in same 



(57) A chemical processing microsystem comprises 
four or more microreactors ; each of the four or more mi- 
croreactors comprising a surface defining a reaction 
cavity for carrying out a chemical reaction, the reaction 
cavity having a volume of not more than about 3 ml, an 
inlet port in fluid communication with the reaction cavity, 
and an outlet port in fluid communication with the reac- 
tion cavity and a fluid distribution system for supplying 
one or more reactants from one or more external reac- 
tant sources to the inlet port of each of the four or more 
microreactors and for discharging a reactor effluent from 
the outlet port of each of the four or more microreactors 
to one or more external effluent sinks, wherein the re- 
action cavity of each of the four or more microreactors 
has a geometry defined by ratios of distances X, Y, and 
Z measured within the reaction cavity along three mu- 
tually orthogonal lines having a common point of inter- 
section at a midpoint of the longest line, Z, the X:Z and 
Y;Z ratios each ranging from about 1 :2 to about 1 :1 . 

Another chemical processing microsystem com- 
prises four or more microreactors and a fluid distribution 
system, wherein the volume of reaction cavities of the 
microreactors is different from each other. 

Another chemical processing microsystem 'com- 
prises a surface defining a reaction cavity. 




Fig. 1BC 
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Description 

[0001] This application claims priority to commonly owned, co-pending U.S. patent application Ser. No. 60/122,704 
filed March 3, 1999 entitled "Chemical Processing Microsystems, Diffusion-Mixed Microreactors and Methods for Pre- 
5 paring and Using Same", which is hereby incorporated by reference for ail purposes. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates generally to the field of combinatorial chemistry and, in preferred applications, 
10 to the field of combinatorial materials science. In particular, the invention relates to systems and methods employing 
microfluidic devices in chemical processes, for characterizing and optimizing such chemical processes and for identi- 
fying materials that enhance such chemical processes. Preferred embodiments of the invention relate to microchemical 
processing systems, to diffusion-mixed microreactors, and to methods for identifying or optimizing heterogeneous 
catalysts. 

15 [0003] Combinatorial chemistry refers generally to methods for synthesizing a collection of chemically diverse ma- 
terials and to methods for rapidly testing or screening this collection of materials for desirable performance character- 
istics and properties. Combinatorial chemistry approaches have greatly improved the efficiency of discovery of useful 
materials. For example, material scientists have developed and applied combinatorial chemistry approaches to discover 
a variety of novel materials, including for example, high temperature superconductors, magnetoresistors, phosphors 

20 and catalysts. See, for example, U.S. Patent No. 5,776,359 to Schultz et al. In comparison to traditional materials 
science research, combinatorial materials research can effectively evaluate much larger numbers of diverse com- 
pounds in a much shorter period of time. Although such high-throughput synthesis and screening methodologies are 
conceptually promising, substantial technical challenges exist for application thereof to specific research and commer- 
cial goals. 

25 [0004] Microfluidics refers generally to the field of miniaturized fluidic systems. Microfluidic systems have been de- 
signed to perform similar tasks as larger scale commercial fluid systems, and have included a number of different 
microcomponents such as fluid-distribution channels, valves, pumps, motors, mixers, heat-exchangers, condensers, 
evaporators, chemical reactors, chemical separators, sensors and actuators, among others. When microfluidic systems 
are integrated with microelectronics, the integrated systems are typically referred to as microelectro mechanical sys- 

30 terns (MEMS). When microfluidic systems include a chemical reactor and/or a chemical separator, the systems can 
be referred to as chemical processing microsystems. Microfluidic systems have typically been fabricated using tech- 
nology known in connection with integrated circuit fabrication. 
' [0005] A number of chemical processing microsystems have been developed to effect chemical and/or biochemical 
conversions, alone or in combination with other unit operations such as separation and analysis. See, for example, 

35 Ehrfeld et al., Potentials and Realizations of Microreactors, DECHEMA Monographs Vol. 132, pp. 1-28 (1995) and 
references cited therein. A microreactor is a common component of such chemical processing microsystems, and a 
number of different microreactor designs have been developed to date. One type of microreactor design includes 
microchannels in which a reaction occurs as a fluid moves through one or more relatively long channels of relatively 
small hydraulic diameter. Microchannels offer a large surface area to volume ratio and, when coupled with microscale 

•to heat exchangers, offer exceptional temperature control for exothermic or endothermic reactions. Exemplary channel- 
type microreactors are disclosed in U.S. Patent No. 5,81 1 ,062 to Wegeng et al., U.S. Patent No. 5,534,328 to Ashmead 
et al.. U.S. Patent No. 5,690,763 to Ashmead et al., Tonkovich et al., The Catalytic Partial Oxidation of Methane in a 
Microchemical Reactor , AlChE 2 nd International Conference on Microreaction Technology, pp. 45-53 (1998), Honicke 
et al.. Heterogeneously Catalyzed Reactions in a Microreactor, DECHEMA Monographs Vol. 132, pp. 93-107 (1995), 

J5 and van den Berg et al.. Modular Concept for Miniature Chemical Systems, DECHEMA Monographs Vol. 132, pp. 
109-123 (1995). Cell-type microreactors, in which a reaction occurs while a fluid resides in a cell, have likewise been 
employed. Exemplary cell-type microreactors are disclosed in U.S. Patent No. 5,843,385 to Dugan, U.S. Patent No. 
6,603,351 to Cherukuri et al., PCT Application WO 98/07206 of Windhab et al., and van den Berg et al., Modular 
Concept for Miniature Chemical Systems, supra. Microreactors that provide passive mixing and reaction of reactants 

so in "Y"-shaped or T'-shaped microchannels are disclosed in Burns et al., Development of a Microreactor for Chemical 
Production, AlChE 2 nd International Conference on Microreaction Technology, pp. 39-44 (1998), and in Srinivasan et 
al., Micromachincd Reactors for Catalytic Partial Oxidation Reactions, AlChE Journal, Vol. 43, No. 11, pp.3059-3069 
(1997). Microreactors for heterogenous phase reactions, such as gas-liquid or gas-solid reactions, are reported in 
Lowe et al.. Microreactor Concepts for Heterogeneous Gas Phase Reactions , , AlChE 2 nd International Conference 

55 on Microreaction Technology, pp. 63-73 (1998). Reactors specifically designed for certain classes of reactions, such 
as electrochemical reactions or photo-induced reactions have likewise been contemplated. See, for example, Matlosz 
et aL Microsectioned Electrochemical Reactors for Selective Partial Oxidation , , AlChE 2 nd International Conference 
on Microreaction Technology, pp. 54-59 (1998). 
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reactors / cm 2 . , 
[0015] In a still further embodiment, the reaction cavity of each of the at least four microreactors has a geometry 
defined by ratios of distances X, Y, and Z measured within the reaction cavity along three mutually orthogonal lines 
having a common point of intersection at a midpoint of the longest line, Z, and oriented with the longest line, Z, norma 
5 to at least one surface that it intersects, and preferably normal to at least two surfaces that it intersects. The ratios of 
X Z and YZ each range from about 1 :2 to about 1 :1 . 

ra016] In an alternative embodiment, the chemical processing microsystem further comprises four or more micro- 
separators Each of the microseparators comprises a surface defining a separation cavity for separating at least one 
component of a reactor effluent, an inlet port in fluid communication with the outlet port of one of the microreactors for 

w receiving the reactor effluent therefrom, and an outlet port in fluid communication with the separation cavity for dis- 
charging the separated effluent therefrom. A fluid discharge system can discharge the separated reactor effluent from 
the outlet port of each separation cavity to one or more external effluent sinks. The microseparators can, in one ex- 
emplary embodiment, further comprise an adsorbent material for separating, preferably selectively, one or more com- 
ponents of a reactor effluent stream. The adsorbent material can be accessible for loading and unloading thereof into 

is and out of the microseparators. For example, the microseparators can be formed in a plurality of adjacent laminae with 
at least one of the laminae being an adsorbent-containing laminate comprising a substrate and one or more adsorbent 
materials for adsorbing at least one component of the reactor effluent. A releasable seal can be situated between the 
adsorbent-containing laminate and one or more adjacent laminae in which the microseparators are formed. 
[0017] In yet another embodiment, the chemical processing microsystem further comprises at least four different 

20 candidate materials being investigated for properties that enhance a chemical process of interest. Potential catalysts 
are exemplary candidate materials. The candidate materials are individually resident in the reaction cavity of separate 
microreactors. Each of the candidate materials comprises, or consists essentially of, an element, compound or com- 
position selected from the group consisting of inorganic materials, metal-ligands and non-biological organic materials. 
The amount of the candidate material in each of the candidate-material containing microreactors is not more than about 

25 1 0 mg and for some applications, not more than about 5 mg, or not more than about 1 mg. The number of microreactors 
preferably ranges from about 7 to about 100, and in some applications from about 100 to about 250, from about 250 
to about 400, from about 400 to about 1000. The number of microreactors can also be greater than about 1000. Not 
all of the microreactors have to contain a candidate material; rather some microreactors can be left as blanks or can 
contain control materials. Typically, different candidate materials are individually resident in the separate reaction cav- 

30 ities of at least 2%-100% of the microreactors, preferably of at least about 5% to about 99% of the microreactors. An 
analytical detection system can be in fluid communication with the outlet port of one or more of the microreactors. The 
microreactors of this embodiment can be further characterized by the various features or combinations of features 
summarized in the aforementioned paragraphs. 

[0018] Each of the candidate-material-containing microreactors in the aforementioned chemical processing mi- 
35 crosystem is, in one embodiment, accessible for unloading the candidate materials after the chemical reaction, and 
optionally for reloading a second set of candidate materials. For example, the microreactors can be formed in a plurality 
of adjacent laminae, with at least one of the laminae being a candidate material-containing laminate comprising a 
substrate and the at least four candidate materials at separate portions of the substrate. For access, a releasable seal 
is situated between the material-containing laminate and one or more adjacent laminae in which the microreactors are 

40 [0019? In another embodiment, each of the candidate-material-containing microreactors in the aforementioned chem- 
ical processing microsystem is formed in a plurality of adjacent laminae. At least one of the laminae can be a candidate 
material-containing laminate that comprises a substrate and the at least four candidate materials at separate portions 
of the substrate but that has an essential absence of fluid distribution microcomponents (or generally, components), 

45 and preferably also of temperature-control microcomponents (or generally, components) or other microcomponents 
(or generally components). The material-containing laminate can be anodically bonded with adjacent laminate or can 
be releasably sealed therewith. Graphite gaskets are preferred in connection with the releasably sealed embodiment. 
[0020] The present invention is also directed to methods for preparing a chemical processing microsystem for iden- 
tifying and characterizing materials that enhance a chemical reaction. According to such methods, at least four different 

so candidate materials are loaded into four or more microreactors such that the candidate materials are individually res- 
ident in a reaction cavity of a separate microreactor. Each of the candidate materials are an inorganic material, a metal- 
ligand a non-biological organic material or a composition comprising various combinations thereof. Each of the micro- 
reactors comprise a surface defining a reaction cavity having a volume of not more than about 10 u.l, an inlet port, and 
an outlet port as described above. The candidate materials can be loaded simultaneously, or alternatively, sequentially, 

55 into the four-or more microreactors. The four or more microreactors can be formed in a plurality of laminae as described 
above, with the at least four candidate materials loaded into the four or more microreactors as a matenal-containing 
laminate as described above. 

[0021] The present invention is further directed to methods for identifying or optimizing catalysts for a chemical 
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[0006] Contemplated applications for such chemical processing microsystems include end-use production of haz- 
ardous chemicals, process characterization and optimization, and combinatorial chemistry. While combinatorial chem- 
istry applications have been contemplated, the various chemical microreactor designs reported to date, however, have 
not been incorporated into systems suitable for large-scale, or even moderate-scale, combinatorial chemistry research, 

5 and particularly, for combinatorial material science research directed to heterogeneous catalyst screening for identifi- 
cation and/or optimization. For example, although parallel-type reactors and microreactors have been reported (see, 
e.g., U.S. Patent No. 3,431,077 to Danforth, U.S. Patent No. 4,099,923 to Milberger, U.S. Patent No. 5,603,351 to 
Cherukuri et al. and PCT Application WO 98/07206 of Windhab et al.) f none of these reactors are satisfactory for 
combinatorial materials science applications. These and other microreactor designs known in the art do not address 

10 important concerns such as the loading, and/or unloading of larger numbers of candidate materials (e.g., catalysts) for 
screening, the supplying of reactants to a plurality of microreactors, the controlling of the reaction conditions in a plurality 
of microreactors, and/or the evaluating of candidate materials for specific properties of interest (e.g., catalytic activity). 
Known microreactors also have common limitations, for example, with respect to a low throughput (e.g., the number 
of catalysts that can be screened over a given period of time), a narrow distribution of heterogeneous catalyst contact 

15 times, a large amount of each (often expensive) candidate catalyst required to effect the chemical conversion, the 
potential inherent negative influence of microreactor materials on a reaction of interest, a high degree of complexity, 
a lack of flexibility for analyzing the results of the chemical conversion, and, in some cases, a lack of scalability of 
research results to production-scale systems. 

[0007] The present invention, as described in detail below, overcomes many, if not all of such shortcomings. 
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SUMMARY OF THE INVENTION 



[0008] It is therefore an object of the present invention to provide cost-effective approaches for high-throughput 
combinatorial chemistry research and development, including particularly, research directed to the identification and 
25 optimization of new materials that enhance a chemical process and research directed to chemical process character- 
ization and optimization. 

[0009] It is also an object of the invention to provide chemical processing microsystems that are relatively inexpensive 
to manufacture and use, that are flexible as to applications and variations, and that provide results which are scaleable 
to commercially significant systems. 

30 [0010] Briefly, therefore, the present invention is directed to a chemical processing microsystem. The chemical 
processing microsystem generally comprises four or more microreactors and a fluid distribution system. Each of the 
microreactors comprise a surface defining a reaction cavity for carrying out a chemical reaction, an inlet port in fluid 
communication with the reaction cavity, and an outlet port in fluid communication with the reaction cavity. The reaction 
cavity has a volume of not more than about 10 ml, and in some applications, not more than about 3 ml, 1 ml, 100 uj, 

35 1 o uj or 1 uj. The fluid distribution system can supply one or more reactants from one or more external reactant sources 
to the inlet port of each reaction cavity and can discharge a reactor effluent from the outlet port of each reaction cavity 
to one or more external effluent sinks. 

[0011] In one embodiment, the four or more microreactors of the chemical processing microsystem are arranged in 
a substantially planar array with a planar density of not less than about 1 microreactors / cm 2 and preferably not less 
40 than about 5 microreactors / cm 2 . 

[0012] In another embodiment the chemical processing microsystem comprises two- hundred-fifty or more microre- 
actors. 

[0013] In a further embodiment, the chemical processing microsystem comprises ten or more microreactors and the 
distribution system includes a manifold comprising one or more common ports adaptable for fluid communication with 
4 * one or more external reactant sources or one or more external reactor effluent sinks, ten or more terminal ports adapt- 
able for fluid delivery to or fluid recovery from the ten or more microreactors, and a distribution channel providing fluid 
communication between the one or more common ports and each of the ten or more terminal ports. The ratio of the 
number of terminal ports to the number of common ports is at least about 10:1 , and for some applications, at least 
about 100:1. 

so [0014] In an additional embodiment, the fluid distribution system of the chemical processing microsystem includes 
a manifold that comprises a common port adaptable f orf luid communication with one or more external reactant sources 
or one or more external effluent sinks, 2 n terminal ports adaptable for fluid delivery to or fluid recovery from 2 n micro- 
reactors, and a distribution channel providing fluid communication between the common port and each of the 2 n terminal 
ports, where n is an integer of not less than 2, preferably of not less than 3, and more preferably of not less than 6. 

55 The distribution channel comprises 2 n -1 channel sections, preferably linear channel sections, connected with each 
other through 2 n -1 binary junctions. Each of the 2 n -1 channel sections has at least three access ports serving as the 
common port, as a connection port for a binary junction, or as a terminal port. The microreactors are preferably arranged 
in a substantially planar array with a planar density of at least 1 microreactor / cm 2 , and preferably of at least 5 micro- 
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action o* interest. Acco^ 

microreactors of a chemical processing microsyste m such defining a reaction cavity 

vidually resident in separate microreactors. Each of the ™°^™^ S * * ^ , ess than about lOjil. Each 
having a voiume of not more than about 1 ml, ^^J^^^^J^ inorganic materials, one 
of the candidate materials are elements, compound or °W^°£^™ |n vanous possible combinations. 

[0022] For such methods, the candidate are loaded without affecting the 

Ss r Shwhich one or more reactor effluents are *^^ m J2£?J. at leas t four candidate 

[0 023] in such methods, one or more reactants are """"^^ °he a eas four candidate materials. 
Lterial-containing microreactors, and simuttaneousy conta^ 

The reaction condftions are controlled to be conduaye to .«"*^j22^"*«™in«^ 
of interest..n S ome approach^ 

or more microreactors, or at least m some subset or a . leasi Qf ^ (Qur of more 

temperature is controlled to be not less than about 00 can ™£££Sm be controlled t0 range from about 
microreactors or in a subset thereof. For many applications the ™^<^ croreactors or , n a subset thereof. 
1 , seC about 1 hour and to be substantia^ the same ^-^^^Z^dence time, W is .onger 

g. . yield, conversion) or selectivity for the chemical '^^^^^^Zt of the reactor effluent. The 
evaluated for catalytic activity by in s/fu analytical measurement •^^^^^ {n ^^ an ^ 
candidatemateria.scanbeevaluatedforc^^ 

measurement. Detection approaches can .nc.ude, with ^^^^ ^"preferred approach, separation 
tography, mass spectroscopy and optical spectroscopy, "^^^Z^^ onto an adsorbent material. 

material / second. rnrrwise unloadinq the reactant-contacted 

[0026] in some applications, these methods of the invention ca furthe J of at , east four aifferen t 

candidate materials from the microreactors in ^^^^J^ SSjlS such that the second 
candidate materials into the four or more microreactors of *e chern^ m J 0 reactors. Such reiterative 

set of at least four different candidate materials are - ohemica, processing 

r:^^ — inany of the various possib,e 

"present invention is liKewise directed to methods ~»^^^ZZ2£i 
chemical reaction of interest. Such methods generally ^^^JS^^).^ 
each of four or more microreactors (where such microreacto s can be J^^^ST controlling a second set of 
a first set of reaction conditions to be substantially ident^ ^^J^^^L^^^^ 
reactionconditionstobevaried between two or more of the m ^2Z^CS3J«^.«»rKJ 2 ««c*lon ccmdUons. 
from each of the four or more microreactors, and evaluating the effec :oi JWJJT^ jn mjcrofluidic syste ms. 
[0028] The invention is directed, moreover, to a d.str.but.on ™ n «^to*^V or 2 „ 

• The manifold comprises a common port adaptable for fluid an integer not less 

terminal ports adaptable for fluid delivery to or '"'^Tl^ between the common 

than 2 and preferably not less than 6, and a ^^ n ^^ P ^^SZ^ sections, preferably linear 

about 1 microcomponent/cm 2 . 
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[0029] The invention Is, in another mq* riina/* A ***~_. *u _, 
of microcomponents. These metto*^^ 

of 2" microcomponents, where Z s an " "* t0 ' " ***** 3 f,Uid f ™' eac * 

or discharged through a distribution manifold I haJi™ fSf " * Preferab ' y n0t less ,han 6 ' The f,uid * supplied 
* [0030] The present invent^ 

reactor comprises a surface defininq a reac to f microreactorfor ™roscale chemical reactions. The micro- 
mun.ationwiththereactionca; "fo r^Z 0 T^ZZTZT^ ^ M in,et P ° rt in f,uid «- 

with the reaction cavityfor discharging S^^^S^TS^^r?- *^P^ to ^«»n«unlHdlon 
not more than about 1 0 ul and a geometr^d hv P , , therefr ° m - The reaction cavit V has a volume of 
" cavity along three mutually o^Z^ZteZozl^ fT* *' Y ' 2 meaSUred within the rea «™ 
the longest line.Z.be^^^ 
with at least two surfaces with which it Irte^ S«^^„ I te ^ Md '^ al ^ ed ^ the 9eometiy, 
Y:2 each ranging from about 1 :2 to about * """^ * Characterized »V ratios of X:2 and 

[0031] The present invention is directed as well to moth^e w ~« 
* morereactantsforachemical r^S^ w 9 ' m ' Cr ° SCale ChOTiCal re3Cti ° n - 0ne or 

cavity having a vo.ume of not more tha 2ut ^ ™^W.«to«n hg .« tta 
nication with the reaction cavitv for suddm™ 7 9 m ' Cal reactl0n ' an inlet P ort in ^id commu- 

with the reaction cavity or ZZZZZ^T ^ ™ ° M " POrt in fluid communication 
cavity under process LdtoS^f^ZS^ P ~ dUCt f . therefrom The octants reside in the reaction 
« than the diffusion period, , " or the reactio^ TcaTll T * '"^ 3 reSidence time ' W that is longer 
_ to one ormore ^^S^S?^ ^ "* "» * « «A 

L T h^::s P ro e ir^ 

candidate materials being evaluated forswoMna«aZt^°^ 
conditions in a pluraiity of miorcreac^ 

(e.g., catalytic activity) Additionally the instont '° r Sp6Cifi ° pr0perties of interes ' 

candidate materials such as o^Z^^^TT^? T° S ^ e ™ can •» ployed for screening 
over, the chemical processing ^ZsZToZ^Z 9 " T ' ^ ^ ° f Uexibil ^ More 

to known systems,yet offer catZc^ 

scale reactors. Advantageously the contact T^ZriZZ T represen,at,ve of those ""ployed in production- 
the distribution associated ^ta^S^tSTjS ZXZSXT °! 7™"*°*- bf0ad " tha " 
screen than known designs. Additionally the chemk^r^.i ' SU ' ,edt ° 3 combinat °rial primary 

detailed description, are incorporated herS by ^e^tZou^Z ° f ^ baCkgr ° Und ° r 38 part ° f the 
literature relating to the subject matter disclosed andTr k ^ ° r6 ° Ver ' 35 the patent and n °r.-patent 

available * a s.led ariisanU wi^ 

BRIEF DESCR IPTION OF THE DRAWINGS 

materLlsthat « p^T^o TaTTwT " 9 ^ 

embodiments (Fig. 1C) for the same ' * >' " 35 m ° re Sp6CifiC ' preferred (Fig. IB) and 

^^^^n^ 6mb0diment * 3 « Passing microsystem 

Sid^iaTst ^Z^^Z^^ — " » - a-ys 

of a substrate (Fig. 3A through Fig 3D) are Z ludlri Z th f 006 ° r ^ fMmS ° n Various ex P osed surf aces 

linked to micropaLes (F^Qn^J^S^ " ""^ f ° 3 P ° r ° US SUbstrate *■ 3F) or 
[0038] FIG. 4A through FIG 4E are partia cZ j^„' , ! 38 C3ndidat6 ma,erials ^ ^ Fig. 3H). 
to the geometry with which an array o ^SS!^^. ^ Sh ° Win9 3 nUmber ° f V3riations with 
candidate-material loaded microreacto re 6 mte9r3ted With ° ther laminae t0 form 

an array of 
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[0039] FIG.5isap a rti a icross- S ectionalsideviewshowing a pluralityofnon-planarmicror ea c.orsformedin a plur a ii^ 

ra2 ina RG 6A and FIG 6B are, respectively, a top plan view of a substantially planar wafer substrate for an array 
ScanSat! 'male hats (Fig. *A)Z a partial-cross-seotiona, side view o, an individuate,, formed inone surface 
of the wafer substrate (Fig. 6B) into which candidate materials can be deposited. 

r0041 ] HG7A through FIG. 71 are views of various exemplary embodiments of fluid-distrtout, on sys ems that can 
e u d «o lid communication between a plurality of microcomponents and an externa, Hui ^ ° 
7A is a top-plan view of a typical fluid distribution manifold. Figure 7B is a top-plan v,ew of preferred binary-tree fluid 
dfstribu ion manifoL servfcg an array of 256 microreactors. Figures 7C and 7D are perspect.ve v.ews o ternary and 
«fluid distribution manifolds, respectively serving 27 and 64 microcom P on ^ ( ^^ t ^^J 
top -plan view showing one flow-path of the binary-tree distribution manifold of Figure 7B (r tat ed about 90 clod 
from rts orientation in Figure 7B). Figure 7F is a top-plan view of a microreactor having inlet and out let ports n fluid 
colunS w h he distribu on manifolds. Figure 7G and Figure 7H are top plan views of other flu.c drtfafton 
sSem sS Tchemical processing microsystems having microreactors and microsepara.ors integrated ont a sn- 
a sui3 planar wafer substrate. More specifically, Figure 7G shows a partial-binary supply manifold seeing 
*£5ZSi imerconnecting manttolds to 32 dedicated microseparators and a panial-binaj , separa^ effluent 
m»n»o d Fioure 7H shows a binary-tree supply manifold serving 128 microreactors, interconnecting manifolds to 128 
S IS^ an? lary-tree'separator effluent man«o,d. Figure 7, is a .op-p,an view of another pre- 

fTuid distribution manifo.d serving an array of 256 microreactors and having a sing e 
^rtSIOsituatednearlhe periphery thereof. FIG. 8 is a partial cross-sectional side v,ew of a pluralrty of laminae havmg 
a candidate-material containing microreactor formed therein. ji^,^™ 
[oS] RG PA through FIG 91 are pertl.l croee-eeclion.l sid, view, ol »«.»es M»» *how,n 9 "Whate »m- 

pr™rh™ 

Sites enpehtrrppeed therein, .nclpding , sphere (F, 9 . 11A), .orbe (F,g. 1 B). a parallel pired (F,g. 11C), .hub. (F B 
11 n\ a relatively flat cylinder (Fig. 11 E) and parallel plates (Fig. 11F). ^ 
0045] HQ 12 is a graph showing reaction temperatures and residence (contact) times for effecting various exem- 
plary heterogeneously-catalyzed reactions of commercial significance using known commercial catalysts. 
[0046] FIG. 13A through FIG. 13C are graphs showing residence-time probab ,l Jy fund 

(PFR v , Fia 13A i for a practical PFR (Fig. 13B) and for a continuous-stirred-tank reactor (CSTR) (Fig. 13C). 
£7, ' RG 4 s a t^p n view of prefenedbinar/tree distribution manifolds serving an array of 256 microco^ 
Lonents suRable for example for use as a microreactor discharge manifold in connection wrth the chemical processing 
ZZs^T^7as a microseparator effluent manifold in connection with the chemical processing microsys- 

!So481 R HG ! ^ through FIG. 15C are partial cross-sec.ional side views showing exemplary configurations of arrays 

Korbem mateS As shown, adsoLnt materia, are formed as one or -re films on various 

of a substrate without temperature control (Fig. 15A), with a temperature-control block (Fig. 15B) or with dedicated 

Sol 9 ^ e i n 6Atn?oug 5 h C F«G 1 6E show various configurations for arrays of adsorbent materials. Figures 1 6A and 
6B lw t ectiS a 9 ^ 

Fig 1m a d ^2 croisectiona. side view of an individual we„ formed in one surface of the MM 
F^6^ 

oaral el thin-layer chromatography (TLC) channels comprising adsorbent material and being adapted for fluid commu 
nfcTtton w systemsior a mobi.e-phase e.uant. Figure 1 6D shows a top plan view of a substant.afly plana 

S substrate for an array of 128 microreactors with an effluent distribution manifold that allows for adsorption of 
X rS^l on* adsorbent materia, provided in microseparators (900) arranged ™™ 
of the wafer Figure 16E shows a top plan view of a substantially planar wafer having an array of m,cr ° se P a ^ tors 
1££ n a row to correspond with an row of aperatures (51 9 of Fig. 1 6D), and in fluid communication t erewrtlv 

TJs 17A and FIG 17B are partial cross-sec.ional side views showing a alternatives with respect to the ge- 
[ om try w t wn2 an array of adsorbent materials and an array of candidate materials can be integrated with other 
Linae to form an array of candidate-material loaded and adsorbent-matena containing 

00511 FIG 18AthroughFIG.18Jshow S everalembodimen^ 

HG 18B are respectively a partial cross-sectional side view of a modular chemical processing m.crosystem (F,g. 
1 8A) having a Z£ of microreactors and a plurality of microseparators formed in a plurality of laminae and a per- 
^S^S^Sm^m^ housing (Fig. 1 8B) adaptable for assembiy and operation of the 
passing microsystem of Figure 18A. FIGS. 1 8C and 18D show, respectively, an add,t,onal perspective view (FIG. 
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1 8C) and a corresponding side sectional view (taken at A- A) (FIG.. 1 BD) of a partially-assembled housing and microsys- 
tem. Various subcomponents of the chemical processing microsystem of Figures 18C and 1 8D are shown in Figures 
18E through 181, including: a bottom plan view of a first micro reactor support block (FIG. 18E), a perspective view of 
an external fluid distribution subassembly (FIG. 18F), a perspective view (FIG. 18G)and a corresponding cross-sec- 
5 tional view (taken at B-B) (FIG. 18H) of a fluid distribution subassembly and a schematic diagram (FIG. 181) for the 
extneral fluid distribution subassembly. FIG, 1 8J is a schematic diagram for a modular chemical processing microsys- 
tem that includes a plurality of "flow-through" microreactors. 

[0052] FIG. 1 9A through FIG. 1 9C are partial cross-sectional views of adsorbent-containing arrays with various con- 
figurations of detection probes and heaters. 

w [0053] FIG. 20A through FIG. 20F show data resulting from the operation of one embodiment of the chemical process- 
ing microsystem of the invention, as described in connection with Example 2. FIG. 20A is a graph showing a calibration 
plot of integrated intensity of fluorescence measured using a CCD camera against various amounts of a known analyte. 
FIG. 20B is a graph showing detector output (integrated fluorescence intensity measured using a CCD camera versus 
catalyst loading (mass fraction of total catalyst) in the reaction cavities of various microreactors. FIG. 20C is an output 

15 image showing detector output (fluorescence intensity) measured using a CCD camera for operation of the integrated 
parallel microreactor / microseparator system with catalysts loaded only in certain microreactors (demonstrating a lack 
of substantial cross-talk between adjacent microreactors). FIGS. 20D through 20F each show output images (fluores- 
cence intensity) measured using a CCD camera for experiments directed toward identifying and optimizing catalysts 
for a particular reaction of interest, where compositional variations were explored using ternary libraries of noble metals 

20 (NM) and transition metals (TM) (FIG. 20D), ternary libraries of noble metals (NM) and dopants (D) (FIG. 20E), and 
ternary libraries of promising catalysts identified from these experiments with various catalyst support materials (FIG. 
20F). 

[0054] The invention is described in detail below with reference to the figures, in which like items are numbered the 
same in each of the several figures. 

25 

DETAILED DESCRIPTION OF THE INVENTION 

[0055] in the present invention, a chemical processing microsystem having features that enable an effective combi- 
natorial materials science research program is provided. Such a research program may be directed, for example, to 
30 identifying or optimizing materials that enhance a chemical process, or to other research goals, such as process char- 
acterization or optimization. The systems, devices and methods disclosed herein can also be adapted to the production 
of small quantities of chemicals. 

[0056] Among the several significant aspects of the present invention, approaches and devices are presented for 
efficiently loading, unloading and/or reloading a plurality of different materials into and out of a plurality of microreactors 

35 - for screening of the materials as candidates for a capability to enhance a chemical process. In one embodiment, the 
chemical processing microsystem can include a plurality of microreactors for carrying out a chemical process of interest, 
and integral therewith , an array of two or more materials known to enhance or being screened for a capability to enhance 
the chemical process. At least a portion of a material-containing region of the array is within each (or most) of the 
microreactors (exceptions being, for example, for control microreactors that may not have such a material included 

-*o therein). Significantly, the array of materials can be readily and conveniently added to or removed from the other struc- 
tural elements that define the chemical processing microsystem, such that different arrays can be interchanged with 
each other, with minimal effort, and without substantially affecting the structural integrity of the other structural elements 
of the chemical processing microsystem. The interchangeability of different arrays of materials into a chemical process- 
ing microsystem allows for the simultaneous loading of the various candidate materials to the plurality of microreactors, 

•ts and, after the chemical reaction has been effected, simultaneous unloading therefrom. Significantly, therefore, the 
interchangeable arrays, particularly arrays that include over 250 different candidate materials, enable a researcher to 
screen a very large number of candidate materials in a relatively short period of time, in a cost-effective manner. Such 
interchangeable arrays are also advantageous for screening more moderate numbers of candidate materials. 
[0057] In another aspect of the chemical processing microsystem of the invention, approaches and devices are 

so disclosed for efficiently supplying reactants to each of a plurality of microreactors and for establishing reaction condi- 
tions in each of the plurality of microreactors that are substantially identical or, in alternative embodiments, that are 
controllably varied between microreactors. In a preferred embodiment, the fluid distribution manifold for fluid commu- 
nication between each of a plurality of parallel microreactors and a common external fluid source or sink is designed 
such that the pressure is the same at each microreactor inlet and the volumetric flow rate is the same through each 

55 microreactor. Distribution manifolds having such equi-flow and equi-pressure characteristics can be achieved by pro- 
viding flow paths having equal conductance - for example, flow paths of equal length and equivalent geometry - from 
the common port to each of the microreactors. Such design objectives, while perhaps straightforward for chemical 
processing microsystems having relatively few microreactors and/or for chemical processing microsystems that are 
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unconstrained with respect to space considerations, present substantial engineering challenges for chemical process- 
ing microsystems having greater than ten microreactors and/or having a planar microreader concentration of greater 

than about 5 microreactors / cm 2 . . . 

rO0581 In a further aspect the invention, the chemical processing microsystem can include a diffusion-mixed micro- 

5 reactor The dfffusion-mixed microreactor is designed such that when operating as a continuous flow reactor - where 
one or more reactants for a chemical reaction of interest is continuously supplied to the microreactor, the reaction 
occurs therein under process conditions effective for the chemical reaction of interest, and a reaction effluent stream 
is continuously discharged therefrom - the reactants reside in the reaction cavity for a residence time, x res that is longer 
than the diffusion period. % m , for the reaction cavity under such process conditions. As such, mixing of reactants is 

io achieved on a microscopic level without an active mixing microcomponent. Significantly, the cont.nuous diffusion-mixed 
microreactor is representative of and can be used to model, on a microscopic scale, a continuous stirred-tank reactor 
(CSTR) Such diffusion-mixed microreactors are advantageous over channel-type microreactors (including microre- 
actors having tortuous channels to effect passive mixing), because complete mixing can occur within a much smaller 
volume This advantage has substantial implications for combinatorial research (e.g., directed to heterogeneously 

>s catalyzed reactions) because a much smaller amount of each of the plurality of materials (e.g., catalysts) is required 
to eftect-the experiment. Moreover, the diffusion-mixed microreactors offer a broader distribution of residence times 
than channel-type microreactors designed to model plug-flow reactors. As discussed in detail below, such a broader 
distribution of residence times can be advantageous in combinatorial material research applications - particularly for 

use as a primary screen. ..... 

~o ro0591 ■ As an additional aspect of the invention, the chemical processing microsystem can be configured with flexibility 
io employ a wide variety of instrumentation for determining the extent to which the chemical reaction of interest occurs 
,n ca-h of the microreactors. Such analytical determinations are important for evaluating a candidate material or for 
charactering or optimizing the chemical reaction of interest. The analytical determinations can be earned out by m 
sou sairptang ,n tnc microreactor, or alternatively, by discharging a reaction effluent stream comprising one or more 
react.on products formed by the reaction of interest, if any, and unreacted gaseous reactants, if any, from each of the 
mcro-oactorstothc analytical instrumentation. Inthelattercase.thereactioneffluent can be discharged simultaneous* 
„n parallel) or sequentially (in rapid serial) from each microreactor. The analytical instrumentation could be comp etely 
muviMi w.m tro chem.cal processing microsystem, partially integral therewith, or completely independent therefrom, 
m „ prriened pamally integrated embodiment, the reaction effluent is discharged from each of the microreactors to 

'30 aea,cated separate chambers, each separation chamber having, integral therewith, an adsorbent material for ad- 
sct>nq at icasi one of the reaction products and/or unreacted gaseous reactants. The adsorbent materials are pref- 
erably on a common substrate that can be readily and conveniently added to or removed from the other structural 
Cements that dclme the chemical processing microsystem, such that different adsorbent-containing substrates can 
oc .n crchanqod with each other with minimal effort, and without substantially affecting the structural integnty of the 

35 otner structural elements of the chemical processing microsystem. The interehangeability of the adsorbent-containing 
SLbsi.atcs mo a single chemical processing microsystem allows for simultaneous, parallel separation of one or more 
o( me v.no us -eaction products and/or excess reactants. Such interehangeability also allows for simultaneously fixing 
or .ecoro.ng mc results of the screening in a physical form, such that the analytical determination can be completed 
rt i ri off cent locator and at a later time in parallel or serial fashion, thereby freeing the chemical processing microsys- 

40 tcm tor scrccn.nq the next array of candidate materials, and improving overall throughput. 

rooeoi These and other aspects of the invention are discussed in greater detail below. The several aspects of the 
cremcai p-occssing microsystem disclosed and claimed herein can be advantageously employed separately, or in 
ccmb.nnt.on ic identify and optimize materials that enhance chemical processes, to characterize and optimize chemical 
processes and n desired, to prepare microamounts of chemicals. In preferred embodiments, these features are em- 

45 p ,oyca .n comb.nai.cn to form a chemical processing microsystem that can operate as a primary screen or secondary 
screen n a mater.ais sconce research program directed to identifying and optimizing new materials such as hetero- 

IDENTIFYING / OPTIMIZING MATERIALS THAT ENHANCE A CHEMICAL PROCESS 

[0061 1 A large number of chemical processes are enhanced by materials. The catalysis of chemical reactions is 
ncrrpinry and o( substantial commercial significance. Additionally, however, other processes - such as separations 
and other un.t operations that affect the chemical or physical state of a material of interest - can likewise be enhanced 
by materials For example, adsorbents that are selective for a particular species can enhance the separation of that 
55 spec.es from a m.x.ure including the species. As another example, stabiles used in chemical compositions can 
imparl tie rale of decomposition of such compositions, ultimately affecting the shelf-life thereof. Likewise, blocking 
mo.e-.c5 or scavengers can enhance the yield of a chemical reaction of interest by retarding an undes.rable side re- 
action Hence while details of the present invention are primarily described herein in connection with the catalysis of 
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chemical reactions and. particularly, in connection with heterogeneous catalysis, such applications should be consid- 
ered exemplary and non-limiting with respect to other potential applications of the invention. Moreover, while much of 
the discussion presented herein isdirected toward identifying materials (e.g., catalysts) that enhance a certain specific 
reaction of interest, the devices, systems and approaches disclosed herein can likewise be directed toward identifying 

5 which reactions are enhanced (e.g. : catalyzed) by a certain specific material (e.g., catalyst) of interest. 

[0062] According to one approach for identifying such useful materials, a large compositional space of potential 
candidate materials may be rapidly explored through the preparation and evaluation of candidate material libraries. 
Such candidate material libraries can comprise, for example, compositional gradients of two or more components, 
such as binary compositional gradients of components A and B, ternary compositional gradients of components A, B, 

10 and C, or higher-order compositional gradients. Candidate material libraries could alternatively comprise compounds 
having a number of structural variations relative to a base compound, such that the compounds in the library share a 
common structural scaffold. 

[0063] In an initial, primary screening, candidate materials can be rapidly evaluated over a large compositional space 
according to the systems, devices and methods of the present invention to provide valuable preliminary data and, 

'5 optimally, to identify several "hits" - particular candidate materials having characteristics that meet or exceed certain 
predetermined metrics (e.g., performance characteristics, properties, etc.). Such metrics may be defined, for example, 
by the characteristics of the then best known material for the chemical process of interest. The first candidate material 
libraries run through a primary screening can comprise, for example, full-range compositional gradients having com- 
positional ratios ranging from 0% to 1 00% for each component. Because local performance maxima may be located 

20 at compositions between those particular compositions evaluated in the primary screening of the first libraries, it may 
be advantageous to screen more focused libraries (e.g., libraries focused on a smaller range of compositional gradients, 
or libraries comprising compounds having incrementally smaller structural variations relative to those of the identified 
hits). Hence, the primary screen can be used reiteratively to explore localized and/or optimized compositional space 
in greater detail. The preparation and evaluation of more focused libraries can continue as long as the high-throughput 

25 primary screen can meaningfully distinguish between neighboring library compositions or compounds. 

[0064] Once one or more hits have been satisfactorily identified based on the primary screening, libraries having 
candidate materials focused around the primary-screen hits can be evaluated with a secondary screen - a screen 
designed to provide (and typically verified, based on known materials, to provide) chemical process conditions that 
may be scaled up with a greater degree of confidence than those applied in the primary screen. Particular candidate 

30 materials having characteristics that surpass the predetermined metrics for the secondary screen may then be con- 
sidered to be a "lead" material. If desired, additional libraries comprising candidate materials focused about such lead 
materials can be screened with additional secondary screens. Identified lead materials may be subsequently developed 
for commercial applications through traditional bench-scale and/or pilot scale experiments. 

[0065] While the concept of primary screens and secondary screens as outlined above provides a valuable combi- 
35 natorial research model for many materials of interest and for many chemical processes; a secondary screen may not 
be necessary for certain chemical processes where primary screens provide an adequate level of confidence as to 
scalability and/or where market conditions warrant a direct development approach. Similarly, where optimization of 
materials having known properties of interest is desired, it may be appropriate to start with a secondary screen. In 
general, the systems : devices and methods of the present invention may be applied as either a primary or a secondary 
40 screen for one or more libraries of candidate materials, to identify candidate materials that enhance the chemical 
process of interest. 

[0066] According to the present invention, methods, systems and devices are disclosed that improve the efficiency 
and/or effectiveness of the steps necessary to screen multiple libraries of candidate materials. With reference to Figure 
1 A, screening a library of candidate materials for a capability to enhance a chemical reaction of interest requires (A) 

45 supplying different candidate materials to different microreactors, (B) providing reactants to the microreactors, (C) 
controlling reaction conditions in each micro reactor to effect the chemical reaction of interest in the presence of the 
candidate material, and (D) evaluating each of the candidate materials with respect to their capability for enhancing 
the chemical reaction. If the microreactors are to operate as a continuous reactor, rather than as a batch reactor, then 
screening will also require (E) discharging reaction products, if any, and excess reactants, if any, from the microreactors. 

50 Except where the microreactors used for such screening are considered to be "single-load", disposable systems, or 
where the same library of candidate materials will be rescreened (e.g., under different reaction conditions), reuse of 
the same microreactors for screening a second library of candidate materials will also require (F) removing the candi- 
date materials that had been exposed to the reaction conditions from each of the microreactors. Once the exposed 
candidate materials are removed from each of the microreactors, steps (A) through (D), optionally step (E), and pref- 

55 erably step (F) can be repeated, as necessary. 

[0067] Each of the steps, (A) through (F), depicted in Figure 1 A can be optimized, individually or in combination, to 
effect a high-throughput research program for identifying reaction-enhancing materials such as catalysts. As a general 
approach, each of the steps (A) through (F) can be done in parallel for the plurality of candidate materials and respective 
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microreactors. Moreover, each of the individual steps (A) through (F) can, where possible, be performed concurrently 
with others of such steps during the same cycle of steps, or where possible, performed after a first cycle of steps is 
complete and concurrently with a second cycle of steps (A) through (F). For example, with reference to Figures 1A 
and 1 B in a preferred approach for screening multiple libraries of candidate materials (e.g., catalysts) using the same 

s set of microreactors, the fresh candidate materials are supplied simultaneously to each of the respective microreactors 
(step A) reactants (e.g., gas or liquid) are supplied simultaneously to each of the microreactors (either concurrently 
with ortemporally separate from the supply of candidate materials) (step B), reactions are effected in parallel (step C), 
reaction products and unreacted reactants are discharged simultaneously from each of the microreactors (step E), 
each of the candidate materials are evaluated simultaneously (e.g., by adsorbent trapping of a reaction product and 

10 dye-based imaging, by gas chromatography and/or by mass spectroscopy among other approaches) (step D), and/or 
the exposed candidate materials (e.g., catalysts) are removed simultaneously from each of the microreactors (step F). 
Notable simultaneous delivery and removal of each of the candidate materials to their respective microreactors is 
advantageous in that different libraries of candidate materials can be quickly interchanged with the microreactors, 
thereby improving overall throughput. It may also be advantageous, with respect to overall throughput, to perform the 

is evaluation step (D) concurrently with the reaction of interest using in situ measurement and analytical systems, and/ 
or after the reaction of interest, but in parallel with or after the removal step (F). For example, with the proper analytical 
system, the evaluation step (D) for a first library of candidate materials can be performed while a second library of 
candidate materials is going through steps (A) through (C), and optionally steps (E) and (F). 

[0068] In a preferred embodiment represented schematically in Figure 1 C, the chemical processing microsystem of 

20. the present invention is integrated into a material evaluation system for effectively and efficiently evaluating new ma- 
terials-such as catalysts. Briefly, a material evaluation system 1 can comprise a chemical processing microsystem 10 
for simultaneously effecting a chemical process (e.g., reaction) of interest in the presence of a plurality of candidate 
materials (e.g., catalysts) being evaluated, and, in preferred embodiments, for simultaneously separating a character- 
istic component (e.g., reaction product) resulting from such process, a detection system 1 000 for characterizing (e.g., 

25 quantitatively determining) such a characteristic component, a material library handling system 5 for supplying and 
removing entire libraries of candidate materials to and from the chemical processing microsystem 10 for screening 
therein and a fluid distribution system 480 for supplying fluids (e.g., reactants) to the chemical processing microsystem 
10 and except for batch processes, for discharging fluids (e.g., reactor effluent stream) from the chemical processing 
microsystem. The chemical processing microsystem 10 comprises a plurality of microreactors 600 and, in a preferred 

30 embodiment, a plurality of microseparators 900 integral with the plurality of microreactors. The microprocessors 600 
are formed in a plurality of laminae that include an interchangeable candidate-material array 100. The material array 
100 comprises a plurality of different candidate materials (e.g., catalysts), preferably arranged at separate, individually 
addressable portions of a substrate (e.g., wafer) . The microseparators 900 are similarly formed in a plurality of laminae 
that include an interchangeable adsorbent array 700. The adsorbent array 700 comprises one or more adsorbents, 

35 preferably arranged at separate, individually addressable portions of a substrate to spatially correspond to the plurality 
of different candidate materials. 

[0069] In operation, for example, in connection with research directed to identifying new catalysts for a chemical 
reaction a first material array 1 00 comprising a catalyst library is supplied to the plurality of microreactors 600. Likewise, 
a first adsorbent array 700 comprising a plurality of adsorbent-containing regions is supplied to the plurality of micro- 

40 separators 900 The material array 100, and the adsorbent array 700 are then each releasably engaged with and 
incorporated into the plurality of microreactors 600 and the plurality of microseparators 900, respectively. One or more 
reactants for the reaction of interest are simultaneousty supplied from the fluid distribution system 480 to the plurality 
of microreactors 600, and allowed to contact each ofthedifferentcandidatecatalysts under reaction conditions effective 
(or intended to be effective) for the chemical reaction of interest. A resulting reactor effluent stream is discharged 

45 simultaneously from each of the plurality of microreactors, cooled if necessary, and then supplied to the plurality of 
microseparators 900. One or more components (e.g., reaction products) of each of the reactor effluent streams are 
seleclively adsorbed simultaneously onto the addressable regions of the adsorbent array 700, and the separated re- 
actor effluent streams are subsequently simultaneously discharged from the plurality of microseparators. Following 
reaction and separation: (1 ) the first adsorbent array 700 is disengaged from and removed from the microseparators 

so goo and then transported, preferably automatically, to the detection system 1 000; and (if desired to change catalyst 
libraries) simultaneous therewith, (2) the first catalyst-containing material array 100 is disengaged from and removed 
from the microreactors 600. A second catalyst library on a second material array 100' and a second adsorbent array 
700' can then be supplied to the chemical processing microsystem 10 and the aforedescribed steps can be repeated 
with these arrays 100', 700'. The first adsorbate-containing adsorbent array 700 can be characterized.in the detection 

55 system 1 000 while the second library of catalyst material 1 00' is being screened, or, if desired, at a later time and/or 
at a remote location. 

[0070] Further aspects of the material evaluation system 1 , as well as subsystems thereof and operational aspects 
thereof, are described below. 
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Candidate Materials 

[0071] Each of the candidate materials being screened for a capability to enhance a chemical process of interest 
can be an element, a compound or a composition comprising a plurality of elements and/or compounds. The candidate 

5 material can be in a gaseous, liquid or solid phase. Solid-phase candidate materials are preferred for some applications. 
The particular elements, compounds or compositions to be included in a library of candidate materials will depend 
upon the particulars of the chemical process being investigated. As noted above, however, the particular chemical 
process being investigated is not critical, and can include chemical reactions and chemical separations among others. 
[0072] The chemical process is preferably a chemical reaction, which for purposes hereof, means a process in which 

10 at least one covalent bond of a molecule or compound is formed or broken. As such, immunoreactions in which im- 
munoaffinity is based solely on hydrogen bonding or other forces - while chemical processes - are not considered to 
be chemical reactions. In general, the candidate materials of this invention catalyze reactions that include activation 
of, breaking and/or formation of H-Si, H-H, H-N, H-O, H-P, H-S, C-H, C-C, C=C, C^C, C-halogen, C-N, C-O, C-S, C- 
P, C-B and C-Si bonds among others. Exemplary chemical reactions for which reaction-enhancing materials may be 

15 identified according to the present invention include, without limitation, oxidation, reduction, hydrogenation, dehydro- 
genation (including transfer hydrogenation), hydration, dehydration, hydrosilylation, hydrocyanation, hydroformylation 
(including reductive hydroformylation), carbonylation, hydrocarbonylation, amidocarbonylation, hydrocarboxylation, 
hydroesterification, hydroamination, hetero-cross-coupling reaction, isomerization (including carbon-carbon double 
bond isomerization), dimerization, trimerization, polymerization, co-oligomerization (e.g. CO/alkene : CO/alkyne), co- 

20 polymerization (e.g. CO/alkene, CO/alkyne), insertion reaction, aziridation, metathesis (including olefin metathesis), 
carbon-hydrogen activation, cross coupling, Friedel-Crafts acylation and alkylation, Diels-Alder reactions, C-C cou- 
pling; Heck reactions, arylations, Fries rearrangement, vinylation, acetoxylation, aldol-type condensations, aminations, 
reductive aminations, epoxidations, hydrodechlorinations, hydrodesulfurations and Fischer-Tropsch reactions, asym- 
metric versions of any of the aforementioned reactions, and combinations of any of the aforementioned reactions in a 

25 complex reaction sequence of consecutive reactions. For chemical reactions, the candidate materials can be generally 
classified as those materials which are chemically altered or consumed during the course of the reaction (e.g., co- 
reactant materials, cataloreactants) and those materials which are not chemically altered or consumed during the 
course of the reaction (e.g., catalysts, selective blocking moieties). In preferred applications, the candidate materials 
are catalysts. As used herein, the term catalyst is intended to include a material that enhances the reaction rate of a 

30 chemical reaction of interest or that allows a chemical reaction of interest to proceed where such reaction would not 
substantially proceed in the absence of the catalyst. 

[0073] The candidate materials preferably comprise elements or compounds selected from the group consisting of 
inorganic materials, metal-ligands and non-biological organic materials. In some applications, the candidate materials 
will consist essentially of inorganic materials, consist essentially of metal-ligand materials, or consist essentially of non- 
35 biological organic materials. Moreover, in some applications, the candidate materials will be compositions comprising 
mixtures of inorganic materials, metal-ligand materials, and/or non-biological organic materials in the various possible 
combinations. 

[0074] Inorganic materials include elements (including carbon in its atomic or molecular forms), compounds that do 
not include covalent carbon-carbon bonds (but which could include carbon covalently bonded to other elements, e.g., 

40 C0 2 ), and compositions including elements and/or such compounds. Inorganic candidate materials that could be in- 
vestigated according to the approaches described herein include, for example: noble metals such as Au, Ag, Pt, Ru, 
Rh, Pd, Ag, Os and Ir; transition metals such as Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Ta, W and Re; rare- 
earth metals such as La, Ce, Pr, Nd, Sm, Eu, Tb, Th and U; alloys of noble metals, transition metals and/or rare-earth 
metals; metal oxides such as CuO, NiO and Co 3 0 4 ; noble-metal-doped metal oxides such as noble-metal-doped CuO, 

45 NiO and Co 3 0 4 ; multi-metal oxides such as binary oxides of Cu-Cr, Cu-Mn, Cr-Mn, Ni-Cr, Ni-Mn, Ni-Cu, Ni-Mo, Cu- 
Mo, Ni-Co, Co-Mo, Ni-Fe, Fe-Mo, Cu-Fe, Mn-Ag, Mn-Sn, Ag-Sn, Cu-Ag, Cu-V, Ag-V, Cu-V, Ni-V, Bi-Mo, Bi-V, Mo-V, 
V-Zr, V-Ti, Zr-Ti, V-Nb, Nb-Mo, V-P, P-Mo, Ni-P, P-Cu, Co-P, Co-Fe : P-Fe : Mg-V, Mg-Sn, V-Sn f K-Ti, K-Bi, Ti-Bi, Cr-Sb, 
Cr-V, Sb-V, Bi-Mo, Bi-Nb, K-Cr, K-AI, Al-Cr, Zn-Cu, Zn-AI, Cu-AI, La-Cr, La-Zr, Cr-Zr, La-Mo, Mo-Zr, La-W, W-Zr, Mo- 
W, W-V, Cu-W, Bi-W, Fe-Sb, Fe-V and Ni-Ta, Ni-Nb and Ta-Nb, and such as ternary oxides of Cu-Cr-Mn, Ni-Cr-Mn, 

50 Ni-Cu-Mo, Ni-Co-Mo, Ni-Fe-Mo, Cu-Fe-Mo, Mn-Ag-Sn, Cu-Ag-V, Cu-Ni-V, Bi-Mo-V, V-Zr-Ti, V-Nb-Mo, V-P-Mo, Ni-P- 
Cu, Co-P-Fe, Mg-V-Sn, K-Ti-Bi, Cr-Sb-V, Bi-Mo-Nb, K-Cr-AI, Zn-Cu-Al, La-Cr-Zr, La-Mo-Zr, La-W-Zr, Mo-W-V, Cu-Mo- 
W, Bi-Mo-W, Bi-V-W, Fe-Sb-V and Ni-Ta-Nb; metal carbides such as PdC; metal sulfates, metal sulfides, metal chlo- 
rides, metal acetates, polyoxometallates (POM); metal phosphates such as vanadylpyrophosphates (VPO); Bronstead 
acids such as HF; Lewis Acids such as AICI 3 ; and mixtures of any of the aforementioned inorganic materials, among 

55 others. Exemplary inorganic material libraries could include, for example, a triangular-shaped array of ternary metal 
oxides (e.g. such as oxides of the ternary metal partners described above) with single metal oxide compounds at each 
comers, binary metal oxide compositions along each of the sides with varying ratios of constituents, and ternary metal 
oxide compositions in the interior regions of the triangular array with varying ratios of constituents. Libraries of inorganic 
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candidate materials can be prepared, for example, according to the methods disclosed in U.S. Patent No. 5,776,359 

L^ltligands comprise a centra, metal atom or ion surrounded by, associated wfth and/or bonded to other 
atoms ions molecules or compounds - collectively referred to as "ligands" - typically through a carbon (to form, e.g., 
^SZiSStESS Phosphorous, sulf ur or oxygen atom and/or one or more linker moieties. The one or more 
ZSS to one of more metal center and/or remain associated therewith, and by such associatio mod fy 
TSZ . * tronic and/or chemical properties of the active metal center(s) of the 

can be organic (e g., i,'-aryl, alkenyl, alkynyl, cyclopentadienyl, CO, alkylidene, carbene) or inorganic (e.g., Br, C 
OH N<? eto ) and can be charged or neutral. The ligand can be an ancilliary ligand, which remains associated 
the metal cente (s) as an integral constituent of the catalystorcompound.orc^nbealeavinggroup gand which may 
be replaced with an ancillary ligand or an activator component. Exemplary metals / metal ions include ions derived 
rom m5 examl simple salts (e.g., AICI 3 , NiCI 2 , etc.), complex or mixed salts comprising both organic and inor anic 
Z^^s^i etc.) andmeta, complexes (e.g., Gd(NTA) 2 , CuEDTA, andean generally mclude, 
for example, main group metal ions, transition metal ions, lanthanide ions, etc. no 
0076] Lib aries of metal-ligand candidate materials can be prepared, for example accord.ng 
doseo in PCT Patent Application WO 98/03521 of Weinberg et al. Briefly, a desired Ugand can be combine I with >a 
mil atom ion compound or other metal precursor compound. In many applications, the ligands will be combined 
«h a melal compound or precursor and the product of such combination is not determined, if a product fonm 
Sr exampl the ligand may be added to a reaction vessel at the same time as the metal or metal precursor compound 
alono wtth the reactants The metal precursor compounds may be characterized by the general formula M(L) (also 
Zed to as C M Ln) ^ere M is a meta, and can include meta.s selected from the group consisting of Groups 
5 6 7 8 9 and 10 of the Periodic Table of Elements. In some embodiments, M can be selected from the group 
L.ilt'inn of Ni Pd Fe Pt Ru Rh Co and Ir. L is a ligand and can be selected from the group consisting of hahde 

5 hete aryl, subs ituted heteroaryl, alkoxy, aryloxy, hydroxy, boryl, silyl, hydride, thio seleno, Pho-phne^mno. 
and combinations thereof, among others. When L is a charged ligand, L can be selected from the group consis tag I of 
hvdroaT ha bgens alkyl substituted alkyl, cycloalkyl, substituted cycloalkyl, heteroalkyl, heterocycloalkyl substituted 
^ aryl, heteroaryl, substituted heteroaryl, alkoxy, aryloxy, silyl, boryl, phosphmo, amine, 
thio s 2 and combinations thereof. When L is a neutral ligand, L can be seiected from the group consisting o 
c mon monoxide, isocyanide, nitrous oxide, PA 3 , NA 3 , OA 2 . SA 2 , SeA 2 , and combinations the reof w eremea h A 
independent selectedfrom a group consisting of alkyl, substituted alkyl, heteroalkyl, cycloalkyl. subs ,tu ed cycloalkyl, 
heteSoalkyl, substituted heterocycloalkyl, aryl, substituted aryl, heteroaryl, 

si*l, and amino. Specific examples of suitable metal precursor compounds include ^^^^ 
; \ PHfOArt (Ac - acetate) PdCL Pd(TFA) ? , (TFA = tnfluoroacetate), (CH 3 CN) 2 PdCi 2 , ana me 

d ref era I in the range of about 0.5:1 to about 20:1 . The metal atom, ion or metal precursor may be supported or not 
Cport may Organic or inorganic. Similar to the ligands, the support may be an L. In other em odimen s 
support w^ no^ iom part of the metal precursor and suitable supports include silicas, ^ m ' n f^ eolrte ^P 0 ^ JJ" 
eneS polystyrenes, polyesters, polyamides, peptides and the like. Specific examples of Pd support* I me tals 
SEpSc Pd/SiOo Pd/CaCO, Pd/BaC0 3 , Pd/aluminate, Pd/aluminum oxide, PdVpolystyrene, although any of the 
^S'^D^SSaTpd in this list, e.g., Ni/C, etc. in other applications, the 

suteble metal precursor compound prior to or simultaneous with allowing the mixture to be contacted to the reactants^ 
When th^gand is mixed with the metal precursor compound, a metal-ligand complex may be formed, which may be 

are Considered to include compounds having covalent carbon-carbon bonds. Biological materials are considered o 
fnl^e nucleic acid polymers (e.g., DNA, RNA) amino acid polymers (e.g., enzymes) and small organic compounds 

where I small organic compounds have biological activity, especially 
humans or commercially significant animals such as pets and livestock, and where the small organic compounds are 
u ed p ma i y for there eutic or diagnostic purposes. Whi.e biological materials are of immense commerc, nte est 
w th respect to pharmaceutical and biotechnological applications, a large number of commercially "B"^ JP^j 
SsTnvo,vc chemical processes that are enhanced by other than biological materials. Moreover, while fundamental 
EZC^^i tor many pharmaceutical and biological activities are known or readily adapted from known 
approaches screening approaches for non-biological materials have not heretofore been w.dely ,nvest,gated and re- 
port* Al"o Z ^fh candidate materials being screened are preferably not, themselves, biological organic M 
the candidate materials of the invention (e.g., inorganic materials) can be employed 
producing a biological organic material as the product of a chemical reaction (e.g., mate " a ' S ^ 
based non-enyzmatic DNA synthesis, or materials that enhance a synthetic, non-enyzmatic route to a particular hor 
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mone or steroid). 

[0078] In preferred applications, the candidate materials are catalysts being screened for catalytic activity and/or for 
catalytic selectivity for a chemical reaction of interest. The candidate catalysts can be homogeneous catalysts or het- 
erogeneous catalysts. For homogeneous catalysis, the candidate materials are preferably solids or liquids which are 

5 soluble or miscible in the reaction medium under the reaction conditions, but can also include gasses. For heteroge- 
neous catalysis, the candidate materials are preferably solids. In general, homogeneous candidate catalyst materials 
and heterogeneous candidate catalyst materials can include organic, inorganic and metaMigand catalysts such as are 
described above. Exemplary reactions for which a homogeneous catalyst may be investigated pursuant to the present 
invention, as well as known homogeneous catalysts for such reactions are shown in Table 1 A. Exemplary reactions 

10 for which a heterogeneous catalyst may be investigated pursuant to the present invention, as well as known hetero- 
geneous catalysts for such reactions are shown in Table 1 B. The library of candidate catalysts being screened can be 
variations in the structure or composition of known catalysts or can be structurally unrelated thereto. 



Table 1A: 



Exemplary Homogeneous Catalytic Reactions 


Reaction Class 


Known Catalyst 


assymetric C-C double bond isomerization 


Ru-, Rh- ligand (e.g., phosphine) 


Suzuki biaryl cross-coupling 


Pd-ligand (e.g., phosphine) 


hydroformylation 


Co-, Rh- ligand (e.g., phosphine, phosphite) 


hydrocarboxylation 


Mo-, Pd-, Rh-, Co-, ligand (e.g., phosphine) 


Heck reaction 


Pd-ligand (e.g., phosphine) 


hydrocyanation 


Ni-ligand (e.g., phosphite) 


assymetric hydro ge nation 


Ru-, Rh- ligand (e.g., phosphine) 


Friedel-Crafts reaction 


HF, AICI 3 


olefin polymerization 


Zr-, Ti-, Hf- ligand (e.g. cyclopentadiene) 




Ni-, Pd- ligand (e.g., bis-imine) 


olefin metathesis 


Ru-, Mo- ligand (e.g., N-, P- based) 


methanol carbonylation 


Ir, Rh with halides (e.g., Mel, HI) 


epoxide ring opening 


Cu-ligand (e.g., alkoxide, amide, amine) 



Table 1 B: 



Exemplary Heterogeneous Catalytic Reactions 


Roactant(s) 


Product 


Known Catalyst 


ethylene+acetic acid 


vinyl acetate 


Pd-Au 


ethylene glycol 


glyoxal 


Cu 


ethylene 


ethyleneoxide 


Ag 


methanol 


formaldehyde 


Ag 


butene dimerization 


octene 


Ni 


HCI 


CI2 


Cu-Fe-CI, Cu-Cr-0 


propylene 


acrolein 


Bi-Mo-0 


acrolein 


acrylic acid 


Mo-V-0(+ Cu-Mo-O+W-O) 


methacrolein 


methacrylic acid 


POM 


o-xylene 


Phthalic anhydride 


V/Ti02 


butane 


maleic anhydride 


VPO 


toluene 


benzonitrile 


V-Sb-O, Fe-Sb-0 


ethylbenzene 


styrene (non-ODH) 


K-Fe-0 


ethylbenzene 


styrene (ODH) 


K-Bi-0/Ti02 


propane 


propylene' 


K-Cr-0/AI203 


vinyl cyclohexene 


styrene 


Cu/zeolite 


cyclohexanol 


cyclohexanone 


Cu/Si02 


cyclohexene 


benzene 


NM/support 
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Table 1B: (continued) 



10 



15 



20 



25 



Exemplary Heterogeneous Catalytic Reactions 


Reactant(s) 


Product 


Known Catalyst 


cyclohexylamine 


aniline 


NM/support 


side chain aromatics 


aromatic acids 


Co-Mn-Zr-acetates 


ethylene 


acetaldehyde 


Pd-Cu 3 Pd-Au 


acetaldehyde 


acetic acid 


Mn-acetate 


propylene 


propylene oxide 


Ti/siiicaiite 


butadiene 


vinyl oxirane 


Ag 


nitrobenzene 


aniline 


Cu/Si02 


beta-picoline 


nicotinic acid 


V-Mo/Ti-Zr-0 


maleic anhydride 


gamma-butyrolactone, 






tetrahydrofurane 


Cu-Zn-O, Cu-Cr-0 


propane 


acrylic acid 


V-Mo-Nb-0 


propane 


acryl nitrile 




benzene 


phenol 


Fe-Ga/zeolite 


syngas 


methanol 


Cu-Zn/AI203 


syngas 


methane 


Ni 


syngas 


fuel hydrocarbons 


Fe, Co 


H2+N2 


ammonia 


Fe 


CH4+H20 


H2+CO 


Ni 


DeNOx 




V/Ti02 



30 



35 



40 



45 



SO 



55 



Supply of Candidate Materials to Microreactors 

F00791 Two or more, and preferably four or more different candidate materials being screened for their capability to 
enhance a chemical process are supplied, preferably simultaneously, to a plurality of microreactors such that each of 
the candidate materials is individually resident in a separate microreactor. Specifically a firs, candidate ma tonal . 
supplied to a first microreactor and, preferabty simultaneously therewith, a second candidate mate na> is supp ed to a 
second microreactor. If additional candidate materials are to be screened in additional microreactors, then each addi- 
tional candidate material is preferably supplied simultaneously to respective individual microreactors, to tarn an array 
cLcroreactors, each of which comprises a candidate materialised 

of different candidate materials into the microreactors is preferred, serial loading, including automated sena loading 
of the candidate materials may be appropriate for chemical processing microsystems having a moderate number o 
microreactors (e.g., notmorethan about 100). Inany case, particular candidate materials are cons,dered to be different 
^m other candidate materials if they comprise different elements or compounds or compost, 
navingthesamecompositioncanalsobe considered differentfrom each otherif they have measurably different phys.ca 
proTerties (e.g., thickness, crystalline structure, active surface area) or otherwise differ in form, and these drfferences 
impart different process-enhancing activity (e.g., catalytic activity) to the two candidate materials. 
roOSO] As noted, different candidate materials are loaded into separate, dedicated m,croreactors. Typical* however, 
not all of the microreactors are supplied with a candidate material. As discussed below in connection with he micro- 
reactors, some of the microreactors can, instead, comprise a control material. For example, one or more o the , micro- 
reactors can be supplied with a positive control (e.g., a known catalyst), left blank (without any additional candidate 
material supplied) or supplied with a negative control material. „„ MAata 
r0081] Solid-phase candidate materials are preferably supplied to a plurality of microreactors as an array ofcandidate 
materials An array of candidate materials generally comprises a substrate and two or more different candidate mate- 
nit and preferably four or more different candidate materia.s at separate portions of the substrate. The candidate 
materSs are spatially separated, preferably at an exposed surface of the substrate, such that the array of materials 
cafbSa S the^urahtyof microreactors to include different candidate materials within different m,croreac- 
Srs. Moreover, the different candidate materials are also preferably separately «^^;^'^^'^^ 
characterization thereof. The two or more different candidate materials are therefore preferably located at discrete, 
non-contiguous, individually addressable regions of the substrate, with the regions being spaced to ^ommodate 
inclusion into a plurality of microreactors. The different candidate materials may, nonetheless, also be contiguous wrth 
each other (e.g. as in a continuous gradient of different material compositions). 
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[0082] The substrate is any material having a rigid or. semi-rigid surface on which the candidate material can be 
formed or deposited or to which the candidate materia! can be linked. The substrate can be of any suitable material, 
and preferably consists essentially of materials that are inert with respect to the chemical process of interest, and 
except where desired otherwise, with respect to the candidate materials being screened. Certain materials will, there- 

5 fore, be less desirably employed as a substrate material for certain reaction process conditions (e.g., high temperatures 
- especially temperatures greater than about 1 00 °C - or high pressures) and/or for certain reaction mechanisms. The 
substrate material is also preferably selected for suitability in connection with microfabrication techniques, such as 
selective etching (e.g., chemical etching in a liquid or gaseous phase, plasma-assisted etching, and other etching 
techniques) photolithography, and other techniques known or later-developed in the art. Silicon, including polycrystal- 

10 line silicon, single-crystal silicon, sputtered silicon, and silica (Si0 2 ) in any of its forms (quartz : glass, etc.) are preferred 
substrate materials. Other known materials (e.g., silicon nitride, silicon carbide, metal oxides (e.g., alumina), mixed 
metal oxides, metal halides (e.g., magnesium chloride), minerals, zeolites, and ceramics) may also be suitable for a 
substrate material. Organic and inorganic polymers may also be suitably employed in some applications of the inven- 
tion. 

15 [0083] As to form, the substrate can, but does not necessarily, have at least one substantially flat, substantially planar 
surface, and is preferably, but not necessarily, a substantially planar substrate such as a wafer. The surface of the 
substrate can be divided into physically separate regions and can have, for example, dimples, wells, raised regions, 
etched trenches, or the like formed in the surface. In still other embodiments, small beads or pellets may be the sub- 
strate, and such beads or pellets may be included in an array, for example, for example, placing the beads within 

20 dimples, wells or within or upon other regions of the substrate's surface. Frits can be used to hold such beads or pellets 
in place. In yet another embodiment, the substrate can be a porous material. The substrate can, and is preferably, 
passive - having an essential absence of any active microcomponents such as valves, pumps : active heating elements, 
active mixing elements. The substrate also preferably has an essential absence of passive microcomponents such as 
microfluidic channels or apertures used for fluid distribution, heat-transfer elements, mass-transfer elements (e.g., 

25 membranes), etc., or combinations thereof. In some embodiments, however, the substrate can include such active 
microcomponents or such passive microcomponents. In a preferred embodiment, the substrate has a substantially flat 
upper surface with a plurality of substantially coplanar indentations or wells of sufficient depth to allow a quantity of 
candidate material to be deposited, formed or contained therein. The overall size and/or shape of the substrate is not 
limiting to the invention. The size can be chosen, however, to be compatible with commercial availability, existing 

30 fabrication techniques (e.g., silicon wafer availability and/or fabrication), and/or analytical measurement techniques. 
Generally, the substrate will be sized to be portable by humans and/or to be manipulated by automated substrate- 
handling devices. Hence, two inch and three inch wafers are suitably employed. The choice of an appropriate substrate 
material and/or form for certain applications will be apparent to those of skill in the art based on the guidance provided 
herein. 

35 [0084] The candidate material is preferably, in most cases, immobilized with respect to the substrate, and once 
loaded into a microreactor, the candidate material and/or the substrate are preferably immobilized with respect to the 
microreactor. The immobilized material offers a controlled geometry, such that fluid flow past, over, around or through 
the candidate material and/or the substrate will not vary the process-enhancing effect thereof during any particular 
experiment. The configuration of the candidate material with respect to the substrate and/or the microreactor can be 

40 of any design which allows for one or more reactants to contact the candidate material during the chemical reaction 
or other chemical process. Hence, it can be appreciated that the exact configuration of the candidate materials and 
the substrate are not limiting to the invention. Typical configurations, such as those discussed below, generally allow 
for flow past and around a candidate material formed on a surface of a reaction cavity, for unidirectional flow of reactants 
through a porous substrate or through a bed of beads, or for flow of reactants into and out of a well comprising a porous 

45 or non-porous substrate. 

[0085] An exemplary embodiment of a chemical processing microsystem adapted for use with an array of solid- 
phase candidate materials is shown schematically in Figure 2. The array 100 comprises a substrate 110 having one 
or more exposed surfaces 112 and having a plurality of candidate materials 120 on the exposed surfaces 112 of the 
substrate 110, or on various portions thereof. The array can be integrally, and releasably positioned between housing 

so block 210 and reactor block 200, by bringing opposing surfaces 212 and 201 of the housing block 210 and reactor 
block 200, respectively, into contact with each other, such that the array 1 00, the exposed surface 112, and candidate 
material 120, taken together with the plurality of wells 235 formed in the reactor block 200 : define a plurality of micro- 
reactors. Each microreactor comprises a surface defining a reaction cavity and at least a portion of a material-containing 
region of the substrate 110 within the reaction cavity. Reactants can be supplied to the microreactors through inlet 

55 ports 250 (260), and the reactor effluent can be discharged from the microreactors through outlet ports 260 (250). A 
seal such as a gasket 300 having a plurality of apertures arranged to correspond with the arrangement of the plurality 
of wells 235 and of the arrangement of candidate materials 1 20 may be situated between the array 1 00 and the reactor 
block 200 to independently seal each microreactor once the housing block 210 and reactor block 200 are brought 
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toqether The housing block 210 and reactor block 200 may be brought into contact with each other (to engage the 
array 100) through parallel threaded-connectors 215 (e.g., bolts), through hydraulic means, through spring-pressure 
or through other suitable compresswe-force fastener. Engaging and/or releasing the array of matenals 100 from the 
microreactors 600, and specifically, from the housing block 21 0 and reactor block 200, may be effected as a manual 
5 or an automated operation. , llhetalto Th _ 

r00861 The array of materials preferably comprises one or more films at an exposed surface of the substrate I he 
film can have an average thickness ranging from about 0.01 urn to about 100 urn, and more preferably ranging from 
about 0 05 urn to about 10 urn. and most preferably from about 0.1 urn to about 1 urn. With reference to Figure 3, a 
film can be formed on the exposed surface of the substrate - with different materials at different discrete reg.ons thereof 
io (e q Fig 3A), or wrth different materials contiguous to each other (e.g.. Fig. 3B). In alternative configurations, he 
exposed surface of a given film can be (1 ) in a plane that is substantially parallel to, and external to (that is, elevated 
relative to) the exposed substrate surface 112 (e.g., Fig. 3A, Fig 3B), (2) substantially coplanar with the exposed sub- 
strate surface 112 (e g Fig. 3C) or (3) in a plane that is substantially parallel to, and internal to (that .s, depressed 
relative to) the exposed substrate surface 112 (e.g., Fig. 3D): For correlation purposes (with Figure 2, for example) 
»5 the exposed substrate surface 112 on which the film resides may or may not be the same surface as the upper-most 
surface;! 02 of the material-containing array 1 00. . 
ro0871 A film of a material can be formed, for example, by depositing the material or material precursors (e.g., indi- 
vidual components of a composition) onto an exposed surface of the substrate, and where appropriate, treating to 
react the deposited material precursors with each other. Such post-deposition treatment can be completed before or 
20 after loading the candidate materials into the microreactors. Suitable methods for depositing a film of matenals include 
physical vapor deposition (e.g.. evaporation, sputtering, ionplating),chemical vapor deposition, plasma-asssted chem- 
ical vapor deposition, electrodeposition, electrochemical deposition, coating techniques (e.g., spray drying spray coat- 
inq pyrolysis), and solution-based techniques (e.g., sol-gel, impregnation, precipitation), among others. The film can 
also be formed by in situ growth at a substrate surface, by diffusion of the material into a substrate surface, or by 
25 convers.cn of the substrate material (e.g., thermal oxidation ). Such approaches and others are discussed in detail in 
Bunshah Ha ndbook of Deposition Technologies for Films and Coatings, 2<« Ed., Noyes Publications (1994), and ref- 
erences cited therein. The candidate materials may be applied in discrete, individually addressable reg.ons using me- 
chanical or chemical masking approaches. For example, mechanical masks or shutters can be used in connection with 
many of the aforementioned deposition techniques to create an array of films in a desired arrangement. Distinct regions 
30 of candidate materials may also be formed using film-formation approaches that are or can be controlled to be region- 
selective - without masking. Spray drying and electrochemical deposition approaches are exemplary region-selective 
approaches Different candidate materials may alternatively be applied contiguous to each other. The array can com- 
prise for example, a contiguous composition gradient of two or more components. Contiguous natural composition 
gradients can be formed, for example, by multiple-target vapor deposition approaches. See, e.g., Hanak et al., O0t 
35 Lation Studies of Materials in Hydrogenated Amorphous Silicon Solar Cells, Photovoltaic Solar Energy Conference, 
B »H.n /i Q7Q) a nH » an nm/er et al'. Discovery of a Useful Thin-Film Dielectric Usin g a Composition-Spread Approach, 
Nature Vol 392 No 12, pp. 162-164 (1998). Contiguous controlled gradients can be formed, for example, by orches- 
trated (e g programmed) masking or shuttering approaches with multi-target deposition, such as those disclosed in 
copending U S patent application Serial No. 09/237,502 filed January 26, 1999 by Wang et al. 
40 r0088] Preferred approaches for forming an array of candidate materials include vapor deposition techniques dis- 
closed in U S Patent No.5.776.359to Schultz et al., sol-gel solution-based techniques disclosed in commonly-owned 
' co-pending U.S. patent application Serial No. 09/156,827, filed January 18, ,1 998 by Giaquinta et al., electrochemical 
deposition techniques disclosed in commonly-owned co-pending U.S. patent application Serial No. 09/119,187, filed 
July 20 1998 by Warren et al.. and in situ impregnation techniques for creating arrays of supported catalysts as dis- 

45 closed in commonly-owned co-pending U .S. patent application Serial No. , filed March 1 , 2000 by 

Luqmair et al., each of which is incorporated by reference for all purposes. The combinatorial library embodied in the 
array of candidate materials is preferably designed with the assistance of library design software such as LIBRARY 
STUDIO™ software (Symyx Technologies, Inc., Santa Clara, CA). Preparation of the arrays can be advantageously 
effected using automated liquid handling robots (e.g., CAVRO Scientific Instruments, Inc.), under control of software 
so such as IMPRESSIOMST™ software (Symyx Technologies, Inc.). 

ro089] The amount of an individual candidate material deposited as a film (or otherwise included) on a particular 
portion of the array is not limiting to the invention. The required amount will vary depending upon the required surface 
area of the film and the required thickness of the film, each of which will, in turn, vary depending upon the chemical 
process of interest, the geometry of the microreactor, and the required residence time or contact time of reactants in 
55 the microreactor. among other factors. In general, the amount of an individual candidate material is typically not more 
than about 25 mg. preferably not more than about 1 0 mg, and can be not more than about 7 mg, not more than about 
5 mg not more than about 3 mg and not more than about 1 mg. In preferred embodiments, the amount of an individual 
candidate material can range from about 0.1 pg to about 100 mg, preferably from about 1 p-9 to about 10 mg, more 
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preferably from about 10 ug to about 1 0 mg and most preferably from about 100 u.g to about 1 mg. 
[0090] While an array of one or more films is advantageously employed in connection with the present invention, 
other array configurations can also be employed to supply the two or more solid-phase candidate materials to a plurality 
of microreactors. The array can comprise, for example, the candidate materials loaded into the microreactors in bulk 

5 form, or as bonded to or linked to porous materials or to microparticles. With reference again to Figure 3, the array can 
comprise, for example, a substrate 110 having a plurality of wells 130 formed in an exposed surface 112 of the substrate 
(e.g., Fig. 3E, Fig. 3G) or having a plurality of apertures 140 extending between first and second substantially parallel 
surfaces 111 , 112 of the substrate 110 (e.g., Fig. 3F, Fig. 3H). Such a well 130 or an aperture 140 can comprise a 
porous material 122 (e.g., Fig. 3E, Fig. 3F) to which a particular candidate material is bonded, preferably covalently 

io bonded. Exemplary porous materials include quartz, glass or alumina, etched microchannels or glass plates, diatom- 
aceous earth, etc. As another alternative, a well 130 or an aperture 140 can comprise microparticles 124, typically 
referred to in the art as "latex particles" or "beads", to which a particular candidate material is bonded, and preferably 
covalently bonded (Fig. 3G, Fig.3H) or, alternatively, bulk candidate materials 124' (Fig. 3G, Fig. 3H). The beads can 
be held within the well 130 or aperture 140 by frits 126. Exemplary microparticles include polystyrene particles, con- 

15 trolled pore glass (CPG), etc. 

[0091] Liquid and/or gaseous phase candidate materials may also be supplied to the plurality of microreactors in an 
array format. For liquids, an array of wells with different liquid candidate materials in each well can be employed. For 
gasses, an array of different time-release materials that release the candidate gas of interest over time can be em- 
ployed. Alternatively, either liquids (e.g., soluble candidate materials) or gasses can be adsorbed onto inorganic or 

20 organic substrates to form a "solid-phase" form thereof (e.g., as a useful heterogeneous catalyst). It may be preferable, 
however, to supply different candidate liquid and/or gaseous phase candidate materials to the plurality of microreactors 
using a fluid distribution manifold, as described below in connection with the supply of reactants to the plurality of 
microreactors. 

[0092] The number of candidate materials to be screened in any cycle of screening is not narrowly critical, and can 
25 range, for example, from two to about a million, and even more, ultimately depending on the number of microreactors 
available for the screening. More specifically, the number of different candidate materials to be supplied to different 
microreactors is at least 2, preferably at least 5, more preferably at least 1 0, still more preferably at least 25, even more 
preferably at least 50, yet more preferably at least 100, and most preferably at least 250. Present microscale and 
nanoscale fabrication techniques can be used, however, to prepare arrays having an even greater number of different 
30 candidate materials. For higher throughput operations, for example, the number of different candidate materials can 
be at least about 1 000, more preferably at least about 1 0,000, even more preferably at least about 1 00,000, and most 
preferably at least about 1 : 000 : 000 or more. The fabrication of arrays comprising very large numbers of different can- 
didate materials is enabled by fabrication techniques known in the integrated circuit arts. See, for example, S.M. Sze, 
Semiconductor Sensors, Chap. 2, pp.1 7-96, John Wiley & Sons, Inc. (1994). Such approaches have been adapted in 
35 other aspects of catalyst research. See, for example, Johansson et al., Nanofabrication of Model Catalysts and Sim- 
ulations of their Reaction Kinetics, J. Vac. Sci. Technol., 17:1 (Jan/Feb 1999). 

[0093] If the two or more candidate materials are to be deposited on distinct, individually addressable regions of the 
substrate, the separation between adjacent regions can range from about to about 50 p/n to about 1 cm, more preferably 
from about 100 ujn to about 7 mm, and most preferably from about 1 mm to about 5 mm. The inter-region spacings 

40 can be not more than about 1 cm, not more than about 7 mm, not more than about 5 mm, not more than about 4 mm, 
not more than about 2 mm, not more 1 mm, not more than about 1 00 u,m, and not more than about 50 ujti. Exemplary 
inter-regions spacings (center-to-center) based on preferred embodiments of the invention are 4 mm for having 256 
addressable regions on a three-inch wafer substrate, and 2 mm for having 1024 addressable regions on a three-inch 
wafer substrate. As such, the surface density of discrete candidate material regions can range from about 1 region/ 

45 cm 2 to about 200 regions/cm 2 : more preferably from about 5 regions/cm 2 to about 1 00 regions/cm 2 , and most preferably 
from about 1 0 regions/cm 2 to about 50 regions/cm 2 . The planar density can be at least 1 region/cm 2 at least 5 regions/ 
cm 2 , at least 10 regions/cm 2 , at least 25 regions / cm 2 , at 50 regions / cm 2 , at least 100 regions / cm 2 , and at least 
200 regions / cm 2 . For some reactions, lower or-mid-range densities may be preferred. For other reactions, higher 
densities may be suitable. Additionally, even higher densities may be achieved as fabrication technology develops to 

50 nano-scale applications. As discussed below, the arrangement of the plurality of candidate materials (including sepa- 
ration and relative spatial address) and the plurality of regions should be correlated with the arrangement of microre- 
actors for integration therewith. 

[0094] In a preferred embodiment, the array of candidate material consists of, or alternatively, consists essentially 
of, the substrate and two or more different materials at separate portions of the substrate. As used in this context, the 
55 phrase "consists essentially of" is intended to exclude other microcomponents such as valves, active mixers, fluid 
distribution manifolds, etc, without excluding structure whose function is merely to hold a candidate material in a par- 
ticular position or to confine a candidate material to a particular space. For example, embodiments that include micro- 
particles and frits, if they do not contain other microcomponents such as distribution channels, valves, etc., are still 
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considered to "consist essentially of the candidate material of interest and the substrate, since the frits and micropar- 
ticles serve only to confine the candidate material between the frits. The separate portions can be contiguous to each 
other or separated by substrate material or other (e.g., insulating) material. Separated regions may be preferred if 
substantial interdiffusion between contiguous candidate materials is likely and may present erroneous data. The sep- 

5 arate portions can be at or above a surface of the substrate or within a well or aperture provided in the substrate. 
[0095] With reference again to Figure 1 C, a distinct advantage of supplying the plurality of candidate materials as a 
modular material array 1 00 is that an entire libraries of candidate materials can be efficiently loaded to the plurality of 
microreactors, screened therein, and then unloaded therefrom. The microreactors can subsequently be reloaded with 
other libraries! Hence, in a preferred embodiment, the array of candidate materials is interchangeable with the micro- 

w reactor mother structure without affecting the structural integrity of other system microcomponents. For example, the 
array of candidate materials is preferably independent of the structural integrity of each of the following systems (con- 
sidered independently or collectively): a fluid distribution system, a heat-transfer system, an analytical system, and a 
mixing system. A plurality of material arrays 100, 100', 100" (Fig. 1C) can be transferred to and/or from the chemical 
processing microsystem 10 using a material library handling system 5 (Fig. 1C). Such transfer can occur manually (e. 

15 g., by hand), semiautomatically (e.g., using a human-controlled robotics) or automatically (e.g., using mechanical, 
hydraulic, pneumatic, robotic or other automated means). Exemplary systems include wafer-handling equipment known 
In the-integrated-circuit manufacturing arts. 

[0096] A number of variations can be employed with respect to the geometry with which the array of candidate 
materials is interchangeably integrated with the microreactors. Several exemplary geometries are shown in Figures 4 

20 and 5, Each of Figures 4A through 4E and Figure 5 show an individual microreactor as a cut-away view from an array 
of microreactors. Each of the microreactors of Figures 4A through 4E, and Figure 5 are formed in a plurality of adjacent 
laminae, with at least one of the laminae being a material-containing array laminate 100, and a reactor block 200 
comprising one (e.g., Fig. 4A through 4E, Fig. 5) or more (e.g., Fig. 4C) laminae and having a well 235 (e.g., Fig. 4A, 
Fig. 4C, Fig. 4D, Fig. 4E, Fig. 5) or an aperture 240 (Fig. 4B). As shown in Figure 4C, a well-type structure can be 

25 formed in a composite reactor block 200 from two adjacent laminae 220, 230 by combining a reactor laminate 220 
having an aperture 240 with a capping laminate 230. One or more of the material -containing laminates 100, taken 
together with the reactor block 200 (or optionally, with laminates 220 and 230), form a microreactor having an interior 
surface that defines a reaction cavity. Each of the microreactors shown in Figures 4A through 4E and Figure 5 also 
comprise one or more inlet ports 250 in fluid communication with the reaction cavity for supplying one or more reactants 

30 (or co-reactant candidate material) thereto, and preferably, one or more outlet ports 260 in fluid communication with 
the reaction cavity for discharging one or more reactant products or unreacted (e.g., excess) reactants therefrom. 
[0097] The material-containing laminate 1 00 will preferably form a portion of the reaction-cavity-defining surface of 
the microreactor. For example, with reference to Figures 4A through 4D, the material-containing laminate 100 com- 
prises a candidate material 1 20 at an exposed su rface 1 1 2 of a substrate 110. Figu re 4A shows a microreactor geometry 

35 with a single reaction cavity defined by a well-containing reactor block 200 and a single material-containing laminate 
100. Figure 4B shows a microreactor geometry with a single reaction cavity defined by an aperture-containing reactor 
block 200 and two material-containing laminates 100. This microreactor geometry provides an increased surface area 
of the candidate material, or alternatively, allows for supplying two different materials to the same microreactor. Figure 
4C shows a microreactor geometry with two independent reaction cavities, each reaction cavity being defined, in part, 

40 by a common material-containing laminate 1 00. The two independent reaction cavities cane isolated from each other 
(e.g., by using separate fluid distribution systems for each reaction cavity), or can be in fluid communication with each 
other (e.g., by cross-connecting the fluid distribution systems, such that the outlet from a first cavity is in fluid commu- 
nication with an inlet to the second cavity). The geometry of Figure 4C provides for efficient use of candidate material 
arrays, and increases the microreactor density of the chemical processing microsystem. Figure 4D shows a microre- 

45 actor geometry with a single reaction cavity defined by two well-containing reactor blocks 200, 200' and by an annular 
surface 112 defining an aperture in the substrate 110, with the film of candidate material 120 being formed on a part 
of the annular surface 112. 

[0098] The material-containing laminate 1 00 can ; however, be integral with the microreactor without forming a sub- 
stantial portion of the reaction-cavity-defining surface thereof. In the microreactor geometry shown in Figure 4E, for 
so example, the material containing laminate 1 00 comprises microparticles 1 24, to which candidate material 120 is bond- 
ed, held in place between frits 126. Because a fluid-phase reactant can flow past the candidate materials and through 
the material-containing laminate, (for example, from well 235 to well 235'), such laminate does not define a substantial 
portion of the boundary surface of the reaction cavity. 

[0099] The candidate materials are preferably, but not necessarily, arranged on the substrate in a substantially co- 
55 planar relationship with each other. While the plurality of candidate materials on an array, and the plurality of microre- 
actors formed in a plurality of laminae are preferably coplanarwith each other, alternative, non-planar geometries can, 
nonetheless, also be employed. For example, Figure 5 shows a plurality of non-planar microreactors formed in a plu- 
rality of laminae. 
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[0100] In a preferred embodiment, an array of solid candidate materials, such as prospective heterogeneous cata- 
lysts, are deposited by sol-gel techniques or in situ impregnation techniques onto a substantially planar substrate 
having a plurality of substantially co-planar wells formed at one surface of the substrate. With reference to Figures 6A 
and 6B, a silicon dioxide (quartz or glass) substrate 110 can comprise 256 circular-shaped wells 130 arranged in a 

5 sixteen-well by sixteen-well square array, with each well having a diameter of about 1.25 mm and a depth of about 
0.05 mm. The distance between wells is about 4 mm. The preferred well-containing substrate 110 can be formed, for 
example, by masking a glass or quartz wafer with polycrystalline silicon using photolithography techniques, and then 
etching with a suitable etchant, such as hydrofluoric acid (HF), or alternatively, by mechanical means (e.g., machining, 
grinding, or bead-blasting). Candidate materials can then be deposited by sol-gel techniques or in situ impregnation 

10 techniques, such as those referred to above, to form the material-containing array 100. In an alternatively preferred 
embodiment , the material array comprises up to 1 024 candidate materials on a substrate having 1 024 wells arranged 
in a 32-well by 32-well square array. Such a materia! array can be prepared, for example, as described above in 
connection with the 256-well array, except that the distance between wells is reduced to about 2mm. 
[0101] As noted, a primary advantage of including the candidate materials on an array of materials is that the plurality 

J5 of candidate materials can be loaded to (and subsequently unloaded from) the plurality of microreactors in parallel - 
by incorporating (or withdrawing) the entire array. In an alternative embodiment, the plurality of candidate materials 
could be serially loaded into an array (or directly into a plurality of microreactors). For such serial-loading approaches, 
the candidate materials may be encapsulated or otherwise prepared for handling and insertion into the microreactors. 

20 Supplying Reactants to the Microreactors 

[01 02] With reference to Figure 1 C, reactants can be supplied to the. plurality of microreactors 600 from an external 
distribution system 480 comprising one or more reactant sources. The external fluid distribution system 480 can com- 
prise, for example, gaseous reactant sources 482 (e.g., gas cylinders), a gas flow-control device 483 (e.g., a mass- 
es flow controller (MFC)), one or more control valves 484 : preferably operated by a controller 485, and a common supply 
line 486 drawn from a mixing zone 487. The valves 484 and mixing zone(s) 487 can be housed within an oven 489. 
Liquid reagent sources 490 can likewise be supplied through a liquid-flow-control device 491 (e.g., syringe pumps; 
HPLC pumps). Liquid reactants can, if desired, be vaporized and provided to the microreactors in a vaporous state 
using methods and devices known in the art. According to one approach, the vapor in the head space over a temper- 
30 ature-controlled liquid can be provided to a mass flow controller (optionally heated) or other gas flow-control device. 
Alternatively, gas metered through an MFC can be bubbled through a temperature-controlled liquid. Other methods 
known or later developed for liquid delivery can also be employed. 

[01 03] A microfluidtc distribution system can provide fluid communication between the external fluid distribution sys- 
tem 480 and each of the plurality of microreactors 600 (e.g., through one or more common inlet ports 51 0 to the chemical 

35 processing microsystem 1 0). With reference to Figure 2, for example, distribution manifold 500 can provide fluid com- 
munication between the microreactors 600 and an external fluid distribution system 480 (through common inlet port 
510 and reactor inlet port 250). Fluid communication between each of the microreactors and the external distribution 
system 480 can also be provided for reactor effluent (e.g., through reactor outlet ports 260), as discussed below. 
[01 04] Another exemplary reactant supply (or discharge) manifold is depicted schematically in Figure 7A. The supply 

jo manifold 500 comprises a single common inlet port 51 0, and a plurality of terminal outlet ports 520. The terminal outlet 
ports 520 are in fluid communication with the common inlet port via a common header 512 and a plurality of channels 
514 oriented approximately normal to the common header 512. 

[01 05] For applications directed toward identifying new materials, the reactants are preferably supplied to the plurality 
of microreactors such that the inlet pressure of the fluid at each microreactor and the flow-rate (mass / volumetric flow 

•*s rate) through each microreactor are substantially the same for each of the plurality of microreactors - to allow a basis 
for comparing different candidate materials. As such, the reactant supply manifold depicted in Figure 7A, while adequate 
for some applications (e.g., with less than ten microreactors), is a less preferred embodiment. Because the pressure 
drop along the common header 51 2, varies over the distance, "L", the pressure at each terminal outlet port (and there- 
fore, at each microreactor inlet) will vary, and the flow rate through each microreactor will vary. While the difference in 

50 pressures could be minimized by increasing the distance, "d", of the common header 512 such that the pressure at 
any distance, L, is approximately the same, the space constraints imposed by such an approach make such a design 
less desirable with more than about 10 microreactors. 

[0106] A preferred fluid distribution manifold is, therefore, designed to such that the flow paths to each of the micro- 
reactors have equal conductance - for example, flow paths of equal length and equivalent geometry - from the common 
55 port to each of the terminal ports. With reference to Figure 7B, a preferred embodiment for a distribution manifold 500 
comprising flow paths to a plurality of microreactors 600 can comprise a common port 510 adaptable for fluid commu- 
nication with one or more reactant sources through one or more supply or recovery headers of an external fluid distri- 
bution system. 2 n terminal ports 520 adaptable for fluid delivery to or fluid recovery from 2 n microreactors (or, in the 
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g enera, case, other "-components,^ 

Lnication between the common port 510 and ^^J^^JLel sections 515, 516, 517 connected 
and equivalent geometry "«**?™<^ B ££J channel sections 51 5, 51 6, 51 7 has at least three 

with each other through 2M binary junct.ons 518. Each or me* bum a connection port for a binary 

Access ports serving one or more of the fo.lowing funct.ons: as a c ^^^^ t ^ aB the common 
* notion 51 8; or as a terminal port 520. Specifically, a ^^"^S^^SKl channel sections 516 
port 510 and as connection ports fortwo b.nary junctions 51 8 i( ^i'°2 =8 Moreover [2^] terminal channel sections 
Saveaccessportsservingasconnecl^^^^ 

517 have access ports serving as a connector ^J^^^^, geometr y, each of the channel sections 
[0107] To ensure equal flow-path lengths and substantaHy eqwvatent flow geoa Mry bfy symmetrica || y 

515 516 517 are preferably linear and the three access ports for a given channel secuo .bp j j 

aian^^ 

of the linear channel section. Moreover the ^1^^°^^^^^ sections may, however, be 
(0 each other (forming right angles with each ott er at each M as long as the binary S ym- 

non-linear, include elbows (e.g., channel section 515), and/or be non ortnog y ^ 

L Jon port 510 and 128 microreactors 600 ^^"^^^^^^^119*^ less than 4, and 
Hurt supply manifolds of Figure 7B, the number, V is 7. In general, howeve n, ea a |ess 

prcfcraS ranges from about 4 to 20. The number, n, . -^^^TX, ca'n more preferably 
Ln 3 still more preferably not less than 1 0, and most preferably not ess ; than , 1 2. 1 ne , ^ 

langc from ...18. oven more preferably from 8 to 1 6, ZLV^l the number of micro- 

^rr rssss tt^x&xs a*. — ^ - - 

number of channel sections associated therewith. 
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# of Binary 
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Total #(2M) 




1st Channel 
Section (w/ 
common port 
and 2 binary 
junctions) 



Intermediate 
Sections (w/3 

binary 
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Terminal 
Sections (w/1 
binary junction 
and 2 terminal 
ports) (2 n " 1 ) 



mcroccarpaacms » rwd-drmensiona. space, and .he «t » an «b * a h.gher 5 P microcompone „ B , cm e. Scch 

anole e plena, ccesey ol at leaet 1 ml ^^^^"^ J?^^^ |^^na©-Wpe systems such ae the preferred 

La LnMbn mandotda F„ example, , «™^rea deergp ca cm** ££^££J? „ „,„„,„ 
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^:^£^^:;^ e 22 **• ^ order) junctions at each level of 

of such a higher order distribution sys^ms aS 

systems. respecuvely. for the ease where n =3 ^ and «ary ^tribution 

the ternary system with respeo, to maximizing dele dfnSy ^ ° f R9Ure 70 is preferTed ove ^ 

-n^tJC^f^ 
^Proximately square, rectangular, c^^^ 

the fabrication techniques employed AD Dra 2t^;„ 9 ar Shape ' and ma * De determined primarily by 

(width/depth) can be greater SZ 1 e^S t ToMessZn 1 'ST' T ™ and the as P^ ratio" 

Sill e. al. Because, however, the shape ZVor dime iSn^i^'^T' 8 ' U " S - ^^^■^■^toKopf- 
through each microreactor these fLtoTsh^^^^^ 

microsystem design, -dtaS^S^TES " ""TlT the 0Vera " Chemical proces 4 
can have dimensions, for an approximate ZTcrT^TT^T ln 9 eneral - distribution channel 
not more than about 5 mm x 5 mm nmZSSS^^' ? M 1 Cm x 1 cm ' Preferably of 

more than about 1 mm x 1 mm, and slmore S IZwoTnTlZ T l™** ^ eVen m0re preferabl V * »<* 
can also be suitably employed in some ZSZ Z^inr, 7' ™ ^ 1 00 *m * 1 00 pm. Smaller dimensions 
more than about 1 pm x 1 Jm, and OsT To ZT£ ™ m ™**» about 1 0 pm x 1 0 pm, not 

section with an aspect ratio of greater or less than one JL^L ^' „ ° ^ C3n haVe 3 ^angular cross- 
ranges of cross-sectiona, flow a'rea as d^criUq Tfor a square STTr "^T * " l ° ^ thS S3me ^ 
cross-section, the diameter can be not more than abouM cm n !f k, Channe '' F ° r 3n W^imately circular 
not more than about 2 mm, even more pre erablv £?lr Th' P ! V "* ^ ab ° Ut 5 mm < m °re preferably 
about 1 00 urn. Smaller ^.0^^^^^^ 1 mm ' 3nd Sti " more Preferably not more than" 
more than about 1 0 urn, not more than about 1 Z ^SSSTl" T inc,udi "9 a dia rneter of not 

radius, the distribution channel can have a hMc radiu, T T °' 5 ^ ° eSCribed h ,erms of 

than about 1 .25 mm, even more prefe^iy o TZ e T n abou 0 Z ?°" " ^ «« -ore 

0.25 mm, and most preferably not more than about Jsl . „T V f ' ^ Preferab,y ° f not more tha " about 
some applications, including hydrau^ radius ^of not LCtH k ' " r3U " C radii 3,80 be suitabl V e ^'«>yed in 
more than about 0.125 ^He^ ^Z^ SrSSrjJ?^ T ab ° Ut 0 25 ^ and " ot 

mm to about 0.125 pm, more prefe ably from ab ou 1 25 mm r T Cha " nel Preferably ranaes from about 2.5 

to about 2.5 pm. V ab ° Ut 1 25 mm t0 about 0 25 vm, and most preferably from about 2 mm 

Sofl^s^ 

are varied along the fluid-distribution path however the h.™ ,o .1 ^ dimenSi ° ns 0f the channel 

« applications, preferably maintained to ^TZ etua^nZ?J° T * V*™^ ^ S ^ meXr ^ is < in s °me 

cations, the conductance of each flow path can b ou nl S2S ! 9 ^ fluid - distri ^«°n path. In other appli- 

Unct^ 

general, the biggest pressure drop i the sys L m Jd^ianed to L" 8 "^ ^ I the diSChar 9 e ™ nif ° ld - 

of minor variations in micro«actor »rii^^^ 0 ^^ ° f the microreactor, to minimize the effect 
drop is preferably designed to occur in thT^. ^ 9 reactor Pressure. Moreover, the biggest pressure 
minimizes the cL^L^Z^ Tt^ZZ Z ZT' IT "* ^ 3 deS ^ 

(e.g., blocked or Cogged). Pressure reduc "on can be acnteve ZT U Z 7 ' miCr ° reac,ors bec ^ -operative 
or passive microcomponents (e.g., microscale tow r reI?S J 9 Ve m,crocom P°nents (e.g., microvalves) 
achieved by reducing the cross-section^ fS - rea (an^eSor^Th TV™ ^ ^ ^ a " d iS preferab, V 
along the length thereof. For the preferred bZ^eel^^\T ^Tt * the diStribU,ion channel 

channe. section can be reduced at each bina^ un^n l?, ?^? 6 ^oss-sectiona, How area of each 
section. Most preferably, the cross-sectiona, ZZZ rlTZZ L atTa^t " Channel 
substantially linear pressure drop along the flow- D Tf I Tk" f V b.nary junction, thereby resulting in a 

[0114] The length of the distribution , ™hTk2! * m ° n P ° rt ,0 the terminal P or t- 

in preferred ^.m^.t^C^^^r P ° rt SaCh P<>rt is no, generally ,i mrting . 

substantia.^ the same for each of the r TmSZSSSl I *" ^ ° Ma ™ * 

Figure 7B, the overa.. .ength of each flow path L will ^enerlllv 2>T? ^ SUCh 38 that shown " 

600 and on the inter-component space V P ° n ,he arran 9«nent of the microcomponents 
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mm feeding into an associate, short — 

width of 2 mm and a depth o. about 20 jun. ^^^^^^ with a firs, leg of the L-shaped 
sections having three binary junctions) have a 9° neral * J^ 9 ^ ™ of the L . snape d first channel section 515 
first channel section 515 having a width of about 2 mm a he sec ^ ^ Qf ^ successjve jntet711 ediate 
having a width of about 1 mm, and in each case, a depth o ^^t^p^ng^medlalechannel 
channel sections 51 6 (having three b.naryjunct.ons).s then ^ 

section , with the depth thereof remaining at about » £^ jnter mediate channel sections 51 6 

manifold of Figure 7B, and shows a portion of the f, * channel secttfl ^ m ^ M therein , the width 

and terminal channel sections 517 .n flu.c comma meat ^Tj^J about% , and thet erminal channel section 

has a width of about 1 0 pm and a depth of about 1 0 ^ IJeo^] Mengt * 0 J vjew of a microreac tor 

conduits (not shown in Figure ^^^Z^^ " - nection therewith). While shown in Figure 
,o common inlet ports 510. (See Figs. 18G and 1 8H and <^ u *™* ce ntrally-located common inlet port 

7B aslwo common inlet ports 510 located near the edge. *^*«^W> V Figure 7B through 

(shown with dashed circle as 510') could '^^tTa. 516^^ an intermediate channel section 

can be designed according to the foxing ^^^^^J^Jt. designed: the number of 
advance - based on system requirements for M .the f u.d d. ^ the volumetnc 

microcomponents (e.g., expressed as a 2 ' ^ ed at ea P oh termina! port; the inlet pressure, 

flow rate, t/ temina , (or mass flow rate, m); the outlet ^pressur^ P— eq The oma „ length , L , for each of the 

Equation 1 : 

L=A/(2 n/2 -1) Equation 1 

■ „^ m&trv ~, n he determined, based on conductance, to provide 
Then, the channel dimensions for the give channel ^^^^^ channe , heightfor a channel of length 

2 2v-1i1/3 Fauation 2 
^[24(uXQ)(1/w)(p common "Pterminal^ J -3 

Where p is the fluid viscosity and Q is '"^f "^^^^^^ manHolds can be employed as a 

[01 1 8] The af oredescribed b.nary-tree, ternary-tree or fl"^™* ™ application requiring the supply of fluids 

Lroiuidic supply manifold or as a m ! cro «^ distiiorlnifold can supply 

• from a common port to a plurality of mcrocomponentsj n P^rredapp microrea ctors. In other ap- 

[0119] An alternative fluid distribution system design V^'^V^ 600 . Fluid communication between 
Ld io comprises fluid h^«£p£ J « JJJ S^SSU 512 and suppV channels 514. As 
common port 510 and microreactors 60C s P™^ ™J* th , th and equivalent geometry, 

reactors 600. f v . • nv case preferably a modular component, 
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such that different distribution manifolds can be readily interchanged with each other. Such a design provides a means 
forchanging the reaction conditions (e.g., flow rate, residence time) for a plurality of microreactors by a simple exchange 
of the modular distribution wafer. 

[0121] While the aforedescribed fluid distribution manifold is a preferred embodiment of the invention, other parallel- 
fluid distribution schemes may also be employed. In general, for parallel fluid distribution systems, the ratio of distri- 
bution manifold terminal outletports (i.e., corresponding to microcomponent inlet ports) to distribution manifold common 
inlet ports is preferably at least 10:1 , more preferably at least 20:1 , and can, for higher number of microcomponents, 
be at least 30:1, at least 50:1 . at least 75:1, at least 100:1, at least 150:1, at least 200:1 and at least 250:1 or higher. 
Instead of simultaneous, parallel delivery, however, rapid-serial delivery of fluids to each of the microreactors may also 
be employed. Serial-parallel hybrid delivery systems, involving rapid successive parallel delivery of fluids to a subset 
of the total number reactors may likewise be effective with the present invention. Such a rapid-serial-parallel approach 
is described, for example, in copending U.S. patent application Serial. No. 09/093,870, filed June 9 , 1 998 by Guan et al. 
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[0122] T he particular design of the microreactors employed in connection with the present invention is not limiting, 
except as specifically recited in the claims. The microreactor design can vary, for example, depending on the type of 
chemical process being investigated, and with respect to chemical reactions : depending on the particular reaction 
being effected. Generally, for chemical reactions, each of the plurality of microreactors in a chemical processing mi- 
-0 crosystem comprises a surface defining a reaction cavity for carrying out a chemical reaction, an inlet port in fluid 
communication with the reaction cavity for supplying one or more reactants thereto, and - for continuous reactor op- 
erations - an outlet port in fluid communication with the reaction cavity for discharging a reactor effluent (including one 
or more reaction products and one or more unreacted reactants) therefrom. Hence, in general, many, if not all, of the 
single microreactor designs reported in the literature can be employed in connection with the present invention, includ- 
es mg for example, microchannel-type microreactors, cell-type microreactors, combined microflow (e.g., "V-shaped or 
"T-snapod) reactors, electrochemical reactors, photochemical reactors, etc. The microreactors can have integrated 
mo oscalc heat-control components, active microcomponents such as mixers, valves, etc.. and/or passive microcom- 
pr.nrnts sur.h as passive mixers. Such components can be dedicated to service individual microreactors, or can be 
generic to several or to all of the microreactors of the chemical processing microsystem. The micoreactors can be 
30 designed tc model (or be indicative or representative of) conventional, commercial-scale reactors such as continuous- 
stirrcd-tank reactors (CSTR's) and plug-flow reactors (PFR's), among others. With respect to heterogeneous catalyst 
screenirg applications, microreactors modeling CSTR's may, as discussed below, be advantageously applied for pri- 
mary sc'ccninq tasks, and PFR's may be better suited for secondary screening tasks. 

[0123) The number of microreactors included within the chemical processing microsystem is at least 2, preferably 
35 at ienst 4 more preferably at least 7, still more preferably at least 1 0, more preferably still at least 1 5 and even more 
preferably at least 20 for moderate throughput embodiments. In higher throughput embodiments, the number of mi- 
croreHciofs m the chemical processing microsystems is at least 25, more preferably at least 30, even more preferably 
at ler-.si SO still more preferably at least 75, yet more preferably at least 1 00, and most preferably at least 250. Present 
mcrcscaic and nanoscale fabrication techniques can be used, however, to prepare microsystems having an even 
jo greater number of microreactors. For even higher throughput operations, for example, the number of microreactors 
can tc rit least about 400, preferably at least about 1000, more preferably at least about 10,000, even more preferably 
at icr.st about 100,000, and most preferably at least about 1,000,000 or more. 

[0124] f he number of microreactors may, however, be the same as or different from the number of candidate mate- 
rials bong investigated, since some of the microreactors may be supplied with the same candidate material, left as 
ounK ccnuois or. with supplied with positive or negative control materials having known properties. For applications 
directed to identifying new materials having a useful property of interest, at least two or more, preferably at least four 
or more m ninny cases most, and allowably each of the plurality of microreactors comprise at least a portion of one 
or more different candidate materials within the Feaction cavity thereof. Specifically, a different candidate material can 
be mciudcc within at least about 50%, preferably at least 75%, preferably at least 80%, even more preferably at least 

50 9o°o still more preferably at least 95%, yet more preferably at least 98% and most preferably at least 99% of the 
plurality of microreactors. For example, "X° different candidate materials being investigated can be individually resident 
in separate dedicated microreactors included in a microsystem having "Y" total microreactors as follows: 4 of 7, 8 of 
15 15 of 30. 25 of 50, 75 of 100, 90 of 100, 225 of 250, and 950 of 1000. For some applications, however, it may be 
desirable to include different candidate materials in a smaller percentage of the total number of microreactors. For 

55 example four or more different candidate materials can be evaluated as separate, parallel groups of materials, with 
each group of materials being subjected to different process conditions. More specifically for example, four or more 
different candidate materials (e.g. A, B, C, D) can be evaluated in eighty microreactors as twenty groups of the four 
different matenals with each of the twenty groups being subjected to various process conditions. In such a case, different 
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candidate materials occupy only » of the tota, ^J^T^^JSi 0%, more preferab* not more 
material can be included within no. less than about ^ n* "JJJ gb ^ m£)re than about 40% 

than about 20%, even more preferably not ^"^^^^ candidate materials are investigated in 
o, the plurality of microreactors. Particular J 8 , 4 of 12, 4 of 16, 4 of 40, 10 of 20, 10 of 40, 

gr0 u P s in a microsystem of»r^ 

K)125l in preferred embodiments, the m.croreactors are arranged as an array tjall lanar array 

ponds to th'e array of candidate materials. The ^^Z^tl^- 8 >- H "« " h ^ 
(e g as shown in Fig. 2), but could also be arranged in non £*™™^^ t]on cavity to center of reaction cavity) 
laments, the separation ^f^\^ZTp^ f^m about 1 00 "urn * about 7 mm, and most 
can range from about to about 50 urn to about 1 am. more P^era V ^ more than abQUt ! cm , not 

preferably from about 1 mm to about 5 mm The in ^^H*S 4 mm, not more than about 2 mm, not more 
Le than about 7 mm, not more than about 5 mm no inter - micro reactor spacings [center- 

1 mm, not more than about 1 00 m and not more than a o* «> F P J 25g addressable regi ons on a three- 
to-center) based on preferred embodiments f^"™^^ on a thre e-inch wafer substrate. As such the 
inch wafer substrate, and 2 mm for having 1 024 addressabte . re »° ^ t0 about 200 microreactors/cms, 

p,anar surface density o, microreactors can range and most preferably from about 10 

more preferably from about 5 microreactors/cr^ * ■J^'J^^n be at ' leas , 1 rnicroreactor/cm* at least 5 
mcr oreactors/cm* t0 abo ut 50 ^"^T^'Zm^!^ < «* at 50 microreactors / cm* at least 
microreactors/cm* at , eas t 10 nmcroreactors/crrf, at least .25 micro , , ower or mld . rang e 

1 00 microreactors / cm*, and at least 200 m,cro^ 
densities may be preferred. For other, htgherthro^^^^ 

Additionally, even higher densities may be ^^^^^^ of the plurality of microreactors can 
[0126] Regardless of the specific ^^"^^J^^^^ (e.g., by anodically bonding the can- 
Is deligned I to be permanency integrated with t e array ^^J%£L be releasably and preferably seal- 
didate-material-containing water to the ^^^JSTto g as described above) , to facilitate eft .cent 
22£2 ra - =SS»- — -ria, libraries (e.g., arrays) with a reusable 

• [Inae. The laminae in «» the candidate materials 

preferably releasably integrated wrth at least one matena^conm g & microreactor 600 is formed in a 

Ling investigated. In a preferred ^ ,TO ^^^ n ^ 0 and a composite reactor block 200 comprising 
35 plurality of laminae comprising a (matenal-contatn.ng) firs lam n te i ou_a v ^ ^ m 

a reactor) second laminate 220 adjacent to the ^^^^^^ sitU ated between the material- 
230 adjacent the reactor second lammate % *° h ° e leasable seal can preferably withstand the 

containing first laminate 100 and the reactor •*^ n *^J ^leasable seal can preferably withstand tern- 
reaction conditions for the chemical reaction of interest In genera, the ^ ^ wjthstand 
,o peraturesgreaterthan100»C,and P ^ 

pressures greater than about 20 bar pre erab.y ^ h ^ 

bar. As an alternative to the releasablese al300J *™ e ™£*™ some appljca tions, with an inert epoxy or other 

iarninate 200 could be bonded to «^ J j££ ^J* condltions for the chemical reaction 

suitable adhesive). Preferably, such a bond ca "J'" s ^3 peralures of not lessthan about 1 00 -C. preferably 
o.interest.lnthegeneralcase.thebondcanpreferabyw^ 

o. not less than about 200 'C and/or a pressure of not less ma ^^ ng P ret|aminate100 has a first surface 101, 
r 0 1 281 More specifically, with reference to Figure 8, the material »"»™8 d circumfe rential edge 

Sod surface 1 02 in spaced, substantially P-»^« second surface 1 02 of the 

1 03. The reactor second laminate 220 has a first • ulto *^"£w Relationship to the first surface 221 , and a 
fir st iaminate 100, a second surface 222 in space ^subs ^£^£5 bonded to the second surface 222 of 
circumferential edge 223. The capping third 2^u bs tantially parallel relationship to the first surface 

the reactor second laminate 220, a second surface 232 in spaced sue y h materja| fof 

231 , and a circumferential edge 233. The f " USe h C ° nneCti ° n ^T' 

the reaction conditions. The capping lammate may, ^examp^ D ip » apd an jnterjor surface 

tochemica. reactions. The reactor second laminate f^^^tlL 220 such that, taken together, the 
225 defining an aperture (with corresponding void block 200, comprising a well defined by 



45 



50 



55 



25 



OCID <EP 1106244A2.L> 



EP1 106 244 A2 



of the third laminate circumscribed by such interior edge 224. As noted, the material-containing laminate 100 can be 
bonded or releasably engaged with at least one of the adjacent laminates, and preferably, with at least the reactor 
block 200. A bonded contact between these surfaces may be preferred for higher pressure applications and/or for 
single-loading systems (e.g., disposable systems, or for catalyst that do not readily foul or which can be regenerated 

5 in situ). For multiple-loading systems, the releasable contact between the reactor second laminate 220 and the material- 
containing first laminate 100 can be provided by a releasable seal 300 such as a solid gasket, gasket dressing, and/ 
or other suitable material. The material -containing laminate 100 is also preferably in releasable contact with (and re- 
leasably engaged with) a surface of any other adjacent laminate, such as the temperature-control block 400. Each of 
the laminae materials should be compatible with the chemical process of interest, including with respect to resistance 

10 to chemical degradation, temperature and pressure considerations, heat transfer considerations, fabrication (including 
bonding and/or sealability), etc. 

[0129] The material-containing laminate 1 00 further comprises a candidate material 120 (a) known to have catalytic 
activity for a gaseous chemical reaction, (b) being screened for catalytic activity for a gaseous chemical reaction, or 
(c) operating as a control material therefor (including the substrate material serving as a blank control). The candidate 

15 material 120 can be on formed on an exposed surface of the first laminate 1 00 - as shown in Figure 8, on a surface 
112 of a well 130 formed in the material-containing first laminate 100. The well in the material-containing laminate is 
defined by material-containing surface 1 1 2, interior edges 1 1 4 and interior surface 1 1 5. Taken together, the first, second 
and third laminates 100, 220 } 230 form a microreactor defined by the interior edges 224 and interior surface 225 of the 
second laminate, by the interior edges 114, interior surface 115, material-containing surface 112 and the candidate 

20 material 120 of the first laminate 100, and by those portions of the third laminate 230 circumscribed by the interior 
edges 224 of the second laminate. 

[0130] With respect to fluid distribution, the microreactor 600 further comprises a reactor inlet 250 formed as a mi- 
crofluidic channel 251 between the second and third laminates 220, 230, and a reactor outlet 260 formed as an interior 
surface 261 defining an aperture in the third laminate 230. The inlet 250 is preferably in fluid communication with a 
25 microfluidic distribution system, such as that described in connection with Figure 7B (with the microfluidic channel 251 
of Fig. 8 corresponding to a terminal channel section 51 7 of Fig. 7B). The outlet 260 is preferably in fluid communication 
with analytical devices and/or instrumentation, as discussed in further detail below. 

[0131] The microreactor, such as that shown in Figure 8, may further comprise one or more ports (not shown in 
Figure 8) for analytical microinstruments (e.g., temperature and/or pressure monitoring) and/or for process control 

30 elements (e.g., pressure-relief valves). The microreactor may also comprise a temperature-control block 400. The 
temperature-control block 400 can be a heating block (useful, for example for maintaining reaction temperature in a 
reactor during an endothermic reaction), a cooling block (useful, for example, for maintaining reaction temperature in 
a reactor during an exothermic reaction), or an insulator block (useful, for example, for providing adiabatic or quasi- 
adiabatic conditions during a reaction). As discussed below, the temperature of the temperature-control block can be 

35 controlled to maintain the same temperature for the plurality of microreactors : or alternatively, to provide a different 
temperature for a plurality of microreactors, or to provide a different temperature for each of the microreactors. As 
shown in Figure 18 E and discussed in connection therewith, fine tuning of the temperature profile can be achieved 
using additional heating elements integral with the material-containing laminate or integral with a microreactor support 
laminate (block) adapted to receive the material-containing laminate. 

40 [0132] A plurality of microreactors, such as the preferred embodiment shown in Figure 8, can be fabricated in a 
plurality of laminae using microscaie and nanoscale fabrication techniques known in the art. With reference now to 
Figures 9A and 1 OA through Figures 91 through 1 01 , respectively, for example, a plurality of composite reactor blocks 
200 having an integral fluid distribution system, such as the supply distribution system 500 shown on Figure 7B : can 
be fabricated in a reactor first laminate 220 and a capping second laminate 230. The fluid distribution system, as shown 

45 jn Figures 9A and 10A, includes a supply distribution channel 514 in fluid communication with a reactor inlet port (the 
location of which is generally indicated at 250), and a discharge distribution channel 261 in fluid communication with 
reactor outlet port 260. 

[0133] Briefly, to fabricate a plurality of reactor blocks 200, an etch-mask 270 (e.g., low-stress silicon nitride, Si 3 N 4 , 
500 nm) is deposited by chemical vapor deposition onto an exposed first surface 231 of the capping second laminate 

50 230 (Fig. 9B-9C, Fig. 10B-10C) (e.g., 100 mm silicon, <100>). A photoresist layer 272 (e.g., Shipley 1813) is photo- 
lithographically patterned and developed (e.g., with MF-319) onto an exposed surface of the etch mask 270 (Fig. 9D, 
Fig. 10D). The patterned photoresist layer exposes a plurality of desired portions 273, 274 of the surface of the etch 
mask 270. Exposed portions 273 can be, for example, a circular shape, and exposed portions 274 can be designed 
to correspond to the desired supply distribution manifold. The etch mask 270 is then selectively etched (e.g., SF 6 / 

55 CF 3 Br plasma etch) and the remaining photoresist layer 272 is subsequently stripped (e.g., sulfuric acid / hydrogen 
pyroxide, 4:1) (Fig. 9E, 10E) : to expose desired portions 233, 234 of the first surface 231 of the first laminate 230. The 
exposed portions 233, 234 of the laminate 230 are then selectively etched (e.g., with KOH (22.5%, 80 °C)) to form 
shallow wells 235' and the supply distribution channel 514 in the first laminate 230. (Fig. 9F, Fig. 10F). An aperture 
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♦ „«rt« ?fi0 can be provided through the first laminate 

second surface _232 o subassembly 0 f the second laminate 230 paving , uralrty of ape rtures 

230, (Fig. 9H, Fig. 61) jnt ral therewith). Referring now to Figures ™ 1U ' Q p ultra sonically 

distribution system (514, 250, 260, ^bi j a e formed in the reactor first laminate 220 te.g.. oy 
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mensions (e.g., length of one side of a square and/or diameter) that range from about 1 um to about 2 mm, preferably 
from about 10 u/n to about 1 mm, and more preferably from about 10 u.m about 100 um In terms of hydraulic radius, 
the inlet and/or outlet ports can have a hydraulic radius ranging from about 0.1 25 ujti to about 0.5 mm, from about 0.25 
ujti to about 250 um, and preferably from about 2.5 u,m to about 100 um. The location of the inlet and outlet ports is 
5 non-limiting, except that, in preferred embodiments as noted above, they are arranged so that the structural integrity 
thereof is independent of the material-containing array. 

[0139] The specific surface area, amount, location and type of candidate materials is also highly process dependent. 
For heterogeneous catalyst screening, for example, catalyst surface areas can range from about 0.1 m 2 /g to about 
2000 m 2 /g, and preferably from about 1 m 2 /g to about 100 m 2 /g. The amount of catalyst material and location can be 
10 varied as discussed above. In preferred applications, in which a film of the candidate material being investigated is 
formed on a surface which is or becomes a reaction -cavity-defining surface, the candidate material can be comprise 
from about 1% to about 100% of the reaction-cavity surface. In typical applications, however, the candidate material 
comprises from about 1 0% to about 70% of the react ion -cavity surface, and preferably in some cases, from about 20% 
to about 50 % of the re action -cavity surface. 

15 

Reaction Conditions 

[0140] Regardless of the particular microreactor design, the plurality of microreactors in a chemical processing mi- 
crosystem are preferably designed such that the reaction process conditions can be controlled to be substantially 
20 identical in each of the plurality of microreactors. Chemical processing microsystems having substantially identical 
process conditions are particularly suitable for screening a library of different candidate materials - to allow for direct 
comparison between the different candidate materials at those maintained reaction conditions. In a preferred embod- 
iment, therefore, the plurality of microreactors are substantially identical for each of the microreactors included in chem- 
ical processing microsystem. 

25 [0141] Alternatively, however, the reaction conditions can be controllably varied amongst the plurality of microreactors 
- either between one group of microreactors and another group of microreactors, or between each of the plurality of 
microreactors. Varied reaction conditions can be employed, for example, using an array of different candidate materials 
in repetitive experiments to determine whether certain reaction conditions favor certain of the candidate materials, or 
to determine a range of conditions for which certain candidate materials have the property of interest. As discussed 

30 below, varying of reaction conditions can also be employed using an array comprising a single material (e.g., catalyst) 
for process research and optimization. Exemplary reaction conditions that can be readily varied include temperature, 
pressure and residence times, among others. 

[01 42] Several process conditions are typically of importance in connection with chemical processes, and particularly, 
in connection with chemical reactions. Such process conditions include primarily, without limitation, temperature, pres- 
35 sure and reactant residence time (e.g., reactant contact time with a catalyst). Selection of such parameters will vary 
with the particular reaction of interest, and/or for the particular research goals of interest. As such, a person of skill in 
the art can vary these parameters and others to suit their particular needs, and still be within the scope of the invention. 
Hence, the following exemplary design parameters are to be considered as non-limiting, except as specifically recited 
in the claims. 

40 [0143] Temperature in a reaction cavity and/or temperature of a candidate material of interest can be controlled by 
any suitable temperature-control device (e.g., heat transfer apparatus) known in the art for microfluidic applications. 
While such a device can be integrated into the chemical processing microsystem of the present invention in any suitable 
manner, the structural integrity of such device is preferably independent of the material-containing array. With reference 
to Figure 2 and Figure 8, for example, a temperature-control block 400 can operate as a heat sink (e.g., to maintain 

45 approximately constant temperature during a exothermic reaction), as a heat source (e.g., to maintain approximately, 
constant temperature during an endothermic reaction), or as an insulator (e.g., to provide approximately adiabatic 
reaction conditions). The temperature-control block 400 can be, for example, a microfluidic heat exchanger (See, for 
example, U.S. Patent No. 5,811 ,062 to Wegeng et al.), or a microscale resistive heating element. The temperature can 
be maintained substantially the same in each of the microreactors, or can be varied between groups of microreactors 

so or between each of the microreactors. For example, a temperature gradient can be spatially applied across one or 
more directions of a material-containing array. As another example, spatially addressable independent heating ele- 
ments can be used to individually control the temperature of each microreactor (or each candidate material). See, for 
example, U.S. Patent No. 5,356,756 to Cavicchi et al. Appropriate microscale temperature-sensing devices, together 
with a suitable process control system, can also be employed. See, for example, S.M. Sze, Semiconductor Sensors, 

55 John Wiley & Sons, Inc. (1994). 

[0144] Pressure in a reaction cavity can be controlled on a microscopic scale by a number of different approaches. 
For example, the fluid pressure in the reaction cavity can be varied by actively controlling the flow resistance (e.g., 
with a microscale pressure-control valve) in the supply manifold or in the discharge manifold. In a passive microfluidic 
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cnrh «q valves - pressure considerations are 
distribution system - lacking any active ^'^ZtZdeZ of flow conductance of either the 

typically factored into the microreactor and «^^S^^«cl«* design and an established passive 
supply or discharge manifold. For a system ^^"^J^ by varying the supply pressure, vary.ng the 
distnbution design, the pressure "**™<"™"*"™ ^^Jlh.«rtLon^-P«^«^ n ^ 
discharge backpressure and/or varying be varied for a group of microreactors or for each 

tained substantially the same .n each of the m cro eactors or ca distribution cha nnel serving a group of m.- 

individual, microreactors (for example, by ^SSSt^^ deviceS ' t09eth6r ^ * M 
croreactors or each microreactor. ^f^*^^, the preferred embodiments of the invention, rug her 
control system, can also be employed. See Sze, Id In J rat H herthan re |easably-sealed laminae - especially 

pre surescanbeachievedbyusingm« 

when the microsystem itself is under into a hyperbaric chamber such that he 

■ through the microreactor. Flow rates are, in ^ u ^' ^^^^JjJ^^ ^g^^niaintained substantially the same for each of 
bution system geometries and fluid pressures^ J-J™^ ™° e acr< of tne micr0 reactors. In one embodiment, 
the microreactors or can be varied for a group of times for different microreactors is provided by 

a piurality of microreactors suitable for 

fabricating the microreactors with vary.ng volumes. Witt .reference to h g , ^ ^ .^.^ m|crore . 

we 235 could be varied between one group of microreaders and 

:«a^ 

Microreactors (now having substantially the different flow channels such thatthe f ow- 

varying flow restriction (and correspondmgly ^J^T^^ referen ce to Figure 7B, for example, the total 
rates to different microreactors (or sets of ™™ZTnZT^oL group of microreactors and another group, 
flow restriction of each flowpath could be vaned I be^een flowpaths « J J mM]e f|ow . sensing devices, to- 
or between flowpaths to each individual ^^^^^^Js^, Id. 

getner with a suitable process control system, , an. tjmes wjl| vary significan ti y for different processes 
[0146] Applicable actual temperatures P^-JJJ,,^ are preferably above about 100 £ and 
of interest. Generally, for many chemical reactions of '"^.ternP atm0S pheric pressure to 200 bar. 

more preferably above about 200 «C. Pressure can ge nerajf W n ,r °7 e as follows . T he temperatures for hetero- 
Ex ^ary reaction conditions for ^^ 0 ^^So^ « from about 25 'Cto about 800 
geneous catalysis can typical* range from abou 0 C to • P abQUt 1 00 . c t0 about 500 »C. Pressures 
more preferably from about 1 00 -C to about 800 ftand most ^ ^ ^ ^ f rom abQUt atmos . 
for heterogeneous cataiysis can typca By »J-JJ"J£ ^^essure to about 50 bar. Vacuum conditions are con- 
pheric pressure to about 1 00 bar, and from ^^"^ (e „ separations). Residence times for hetero- 

tons of commercial significance using known commercial catalysts. 
Dittusion Mixed Microreactors - Microreactor Design and Reaction Conditions 

, [0147] .napreferredembodiment.mate^ 

cata.ysts. can be identify W ofreac tants in the reaction cavity is sufficient 

he assistance of active mixing elements ^ SO me localized mixing may occur due to flow 

(e.g.. turbulence generated by flow through a .^^^n cavity of diffusion-mixed microreactors is ascribable 

e.g.. near a microreactor in.et port), the mix.ng n »• J^^, occur wnen the microreactor is designed and 
Udominantly to diffusion phenomena, in general » 

55 L process conditions are controlled ^™™£™£ZZ£ amatively, this suggests that diffusion m.xing 
than'the diffusion period, t dffl , for the reactan J " "£^J£^ n periods - conditions general.y achievable 
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[01 49] A diffusion-mixed microreactor can be designed by controlling reactor geometry and reaction process condi- 
tions. The diffusion period, i djff , can be defined as the time required for a reactant molecule to diffuse through a mean 
free path that is equal to the longest path of diffusion, for a particular microreactor design. The longest path of 
diffusion, L djff can be defined as equal to the longest straight-line dimension for a reaction cavity of a particular geometry. 
For a relatively flat, circular reaction cavity such as shown in Figure 11 E (and substantially as that shown in Figures 
9A and 10A), for example, the longest path of diffusion, L djff , is the diameter, d. For a long-channel type microreactor, 
such as is represented by Figure 11 D, the longest path of diffusion, L dm is the length, /. Hence the diffusion period, 
x diff will be a function of the reactant diffusivity, D t and the longest path of diffusion, L drff and can be calculated, based 
on a one-dimensional model, as set forth in Equation 3a: 

tdiff, = ( L diff) 2/ ° Eg"- 3a. 

While a one-dimensional model can be satisfactory as a conservative approximation for many reactor geometries, L djff , 
15 can likewise be calculated, based on a two-dimensional model. Diffusivity, D, is, in turn, dependent upon the particular 
reactant fluid and the temperature, T, of the reactant fluid within the reaction cavity. As such, both microreactor design 
parameters and process conditions can affect the diffusion period, x m . The residence time, x res is a function of reaction 
cavity volume, V, and reactant fiowrate, V, and as such, is likewise dependent upon both microreactor design param- 
eters and process conditions. The residence time can be calculated as shown in Equation 4: 



10 



20 



x res = V/\/ Eqn.4 



Hence a diffusion-mixed microreactor can be designed by varying reactor geometry (e.g., longest path of diffusion, 
25 L dlff , and/or reaction cavity volume, V) and/or by varying reaction process conditions (e.g., temperature, T, fiowrate, V). 
[0150] In a preferred approach . a diffusion-mixed microreactor can be designed for combinatorial chemistry research 
purposes directed toward identifying materials as follows. Once the chemical reaction of interest is identified, a target 
temperature, T, and a target residence time, % res , can be chosen. These variables can be chosen, for example, based 
on industry standards, or based on research goals that improve on industry standards by a certain margin. With ref- 
30 erence to Figure 12, for example, temperature and residence time for the heterogeneous catalysis reaction of auto- 
mobile catalytic converters can be chosen as a target temperature of about 600 °C and a target residence time of 
about 0.1 seconds (current industry standard) or, alternatively, as a target temperature of about 600 °C and a target 
residence time of about 0.01 seconds (reduced by factor of ten relative to current industry standard). The diffusivity, 
D, of the reactants can then be calculated at that known target temperature, T The longest path of diffusion, L djff , is 
35 then determined by applying the definitional requirement for diffusion-mixing: that the residence time be greater than 
the diffusion period (x res > x djff ). Substituting from Equations 3a (based on one-dimensional model, for example) and 
4, and rearranging yields Equation 5, from which L^, can be calculated: 

40 L dff = [(0)(t res )] 1/2 Eqnj. 

Knowing L diff , a reactor geometry can be selected and a reaction cavity volume, V, can then be calculated to provide 
that L djff based on that geometry. Now knowing V, the required volumetric fiowrate, V t can be calculated using Equation 
4. The reactor inlet port and reactor outlet port dimensions and distribution manifold particulars can then be designed 
45 to provide the required fiowrate. 

[0151] In preferred embodiments, diffusion-mixing occurs without substantial back-diffusion of reactants into the 
reactant supply manifold. Back-diffusion of the reactant molecules through the reactor inlet port is substantially avoided 
by ensuring that the flow velocity at the reactor inlet port, v flow , is greater than the diffusion velocity, v diff . Based on this 
principle, a reactor inlet dimension (assuming circular cross -section) can be determined from Equation 6: 

so 

r<[0(L diff )/(0)(7r)(P)] 1/2 Eqn. 6, 

where r is the radius of a circular reactor inlet port, Q is the pressure-velocity per unit time and P is the pressure in the 
55 microreactor. As explained above, inlet pressure, P, is dependent, in turn, on flow-rate, V, and on the distribution system 
conductance. 

[0152] Diffusion-mixed microreactors can model a continuous-stirred-tank reactor (CSTR) - but without any active 
mixing elements (e.g., impellers, motors) and without any static mixing elements (e.g., a tortuous-channel). As such, 
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a plug-flow reactor (PFR) in applications directed to ,de nt '*"9 n^ca ^ s ° fupctjon hing a delta 

to Figures 13A through 13C, an ideal plug-flow reactor ^^ Kwefte designed residence time. A non-ideal, 
function (Fig. 13A) - that is, each molecule of a reac a ^^ h £ t £j5E function (Fig. 13B) - such that 
(e.g., commercial) plug-flow reactor has a "^"^^^^ residence time, but some relatively 
most of the molecules in the sample will, wrth high probata My. I ave <m a 9 ^ ed 

small number of molecules will reside in the reaction f °' a ^ ** esidence time. In contrast, however, a 
residence time, but in a narrow time inter** wjh ^^£^SZL exhibiting an exponential 
continuous-stirred-tank reactor has a relat vely broad essence time ^ ^ jn ^ 

decay (Fig. 13C) - such that, while some of J n The sam e wil, reside in the reaction cavity for a 

reactor for the designed residence time, many of the ™ ^ broad time interva , with respect to 

rnizing materials (e.g., catalysts) that enhance a chemical process. 
Discharging Reactor Effluents from the Microreaders 

[01541 -.-^s— ass 

, S Md, MM A. ««*, M »«*" produca., < any ana „ * „, „, t „tfor efllu.nl 

significance. In general, the reactor ^.*^^^^^1J^ and/or as analytical sample 
outlet port 260 in Figure 8) as a plurality of m ^ et ^XZtt^ can alternatively, be recombined, partially 
streams) - without recombining the ^-^.^Z^ TaTcaTe'Ly of the design considerations dis- 
or completely, after discharge from the plura ty factors are also applicable with respect 

rn^plths are preferably f^tobe = 

[0156] Figure 14 shows a preferred b.nary-tree ^ u .^™™*^ with acommon effluent port 510, andthe 
n which each of a plurality of microreaders 600 are n ^f™^ The effluent distribution 

flow paths from each of the microreacto* , 600 o ^^^SSS receiving fluid the 2" microreactors 
manifold 501 can compnse, more specifically, 2" terminal p«*S8» P ^ as g1 provjd|ng 

600 (or, in the general case, other m.crocomponents) ^^^^mvon 510 (via common header 512). 
fluid communication between each of the 2" termmal ports ^^^^^ th same as th0 se described 
The remaining details of the effluent distribution are, except as ^^oltTooJc^ with the supply manifold, 

ro: 5 Trapreferredembodiment,thee,uentmani T 

control. As such, the channel dimensions for each of the dis tnbu o »J^*£iJL having a width, w and 
the entire flow length of the channel, and the conductance, C (fo W*c ^ fer the effluent 

height, ft, being proportional to and for as pect ra 1 ^JjSSl£ In a preferred embodiment, 
manifold is about 100 times greater than ^<^^^^^ Mh height and width, 
therefore, the dimensions of the effluent ^f^^ZfZ^reZnX distribution systems. Briefly, effluent 
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and flow conditions through each of the microreactors 600, the various flow-paths of each of the channels 513 are of 
the same length and equivalent geometry. 

Evaluation of Candidate Materials 

5 

[01 59] The plurality of candidate materials are screened to evaluate their capability to enhance the chemical process 
of interest. In general, the candidate materials can be screened during the chemical process - either by in situ meas- 
urements in the reaction cavity, or by measurements of the reactor effluent stream. The measurements can provide 
for real-time direct evaluation of the candidate materials, or may, alternatively, provide for an indirect evaluation ap- 

10 proach including a real-time storage record of physical evidence or data that can be evaluated at a later time and/or 
at a remote location. For example, the evaluation of candidate materials can include a real-time separation of one or 
more components that are indicative of the candidate material performance, with a subsequent quantitative determi- 
nation thereof. In any case, the analytical system for screening the candidate materials can be wholly integral with the 
chemical processing microsystem, partially integral therewith, or completely independent therefrom. Integral micro- 

15 components can include, for example, microscale probes and/or microsensors incorporated into the microreactor de- 
sign, microelectronic control modules integrated into the chemical processing microsystem, and/or microseparators 
integral with the chemical processing microsystem, as discussed in connection with Figure 1C. Such systems can be 
wholly integral, or combined with external instrumentation (e.g., detectors). 

[0160] The particular approach employed for screening the candidate materials can vary substantially, depending 
20 on the type of chemical process and the enhancing property being evaluated. For chemical reactions, for example, 
analytical measurements can determine the extent of the reaction (e.g., by considering product yield or reactant con- 
sumption), the rate of the reaction (i.e., kinetics), the extent or rate of any side reactions, and properties as catalytic 
activity (i.e., turnover), selectivity in converting reactants into desired products, and stability during operation under a 
wide variety of substrate concentrations and reaction conditions. Spatially selective characterization methods include, 
25 for example, those capable of: (i) identification and characterization of gas phase products and volatile components 
of the condensed phase products; (ii) identification and characterization of condensed phase products; and (iii) meas- 
urement of physical properties of the catalyst elements. Similar high throughput methodologies can be used for meas- 
uring properties of other than catalytic reactions. 

[0161] Many different approaches and equipment configurations can be employed to effect screenings of the array 
30 of candidate materials. In one embodiment, for example, each microreactor effluent stream can be detected by dis- 
charging each reactor effluent stream directly to a detector - in rapid-serial fashion (e.g., using a single detector), in 
serial-parallel fashion (e.g. serially employing a group of parallel detectors, where the group number is less than the 
number of candidate materials to be evaluated), or in wholly parallel fashion (e.g., using parallel detectors to screen 
each of the microreactions at the same time). The detectors for gaseous reaction effluents can include, for example, 
35 mass-spectrometers (e.g., capillary mass-spectrometers) or gas chromatographs (e.g., especially rapid gas chroma- 
tography approaches, such as those employing capillary bundles). In another embodiment, reaction products or quan- 
titatively representative samples thereof may be selectively separated and collected from the reactor effluent stream 
by chromatographic techniques (e.g. thin-layer chromatography plates; adsorption onto adsorbent media), and then 
subsequently evaluated. As yet another approach for separating and collecting gaseous reactant products for evalu- 
-io ation, such products can be condensed (collectively or in some applications, selectively) on a cold substrate, and then 
subsequently evaluated. 

[0162] Regardless of the approach or the equipment employed (i.e., whether mass spectroscopy or gas chromato- 
graph, etc., and whether parallel or serial, etc.), the evaluating of a particular candidate material preferably has an 
overall throughput of at least about 1 candidate material / five minutes, more preferably at least about 1 candidate 

■*5 material / 2 minutes, and most preferably at least 1 candidate material / minute, or faster. Substantially higher screening 
throughputs can be achieved using parallel analytical measurement approaches. As such, the overall time required to 
identify materials having a reaction-enhancing property, more specifically defined as a difference in time, t 1 -t 2 , meas- 
ured as the time required to load the at least four candidate materials into the four or more microreactors (such loading 
commencing at a time t.,), to supply one or more reactants to the four or more material-containing microreactors, to 

50 contact the at least four candidate materials with the one or more reactants under conditions whereby the chemical 
reaction, if any, is effected, to discharge the reactor effluents, and to evaluate the at least four candidate materials for 
catalytic activity (such evaluating being completed at a time t 2 ), being less than about 3 hours. The difference in time, 
t.,^, is preferably not more than about 1 hr; more preferably not more than about 30 minutes, and even more preferably 
not more than about 15 minutes. Hence, the overall candidate-material throughput (e.g. for catalytic activity) can be, 

55 depending on how many candidate materials are evaluated in parallel, not less than about 1 candidate material / hour, 
not less than about 10 candidate materials / hour, more preferably not less than about 100 candidate materials / hour, 
even more preferably not less than about 1000 candidate materials / hour, and most preferably not less than about 1 
candidate material / second. 
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[01 63] Wit, reference to Figure 1 C. a preferred screenin ^^^^^ 
on separation of one or more reaction products ^ 

effluent stream, preferably means of a microseparator 900 that s 1(m Whj|e the detection 

10 followed by detection of the separated component, preferably by a d ^'°" Dre ferablv configured external 

s,eml000cou,da,sobein.e g « 
thereto and independent therefrom, to provide for maximum flex,b is accomplished based 

[0164] in a preferred embodiment, the separation of ^^J^JSSJ adsorbed onto an adsorbent 
on adsorption principles. Such a component (e.g., reaction products) can be se£ct.ve i y 

mc d,a. and subsequently determined. The reactant product for each of adsorption can be 

simultaneously, in parallel, onto the adsorbent ^.^^1^ equipment and the process 
in.egralwithorseparatefromthechemicalprocessmgm.aosys^ 

o, determining reaction products can **m » J^^£^^^ adsorption are integrated with 

and improves overall screening throughput. selective for one or more particular reaction 

[0165] The adsorbent media can be any adsorbent materia that is setatfwa tor -m h 

products, and/or particular unreacted reactants of interest. A ^^^°^ZTe^ P ^ adsorbent 
an, P . 0 .fo, U sewKhthin-fi.mchromatogra P hy,th r a.desorp^ 

JU* include silica gel (e.g., for selective adsorpt.on of anrt.ne (See> generally for example, 

gr^-cdcarbonb.acKs.carbon^ 

orc or more indicators (e.g. dyes) for an analyte of interest. processing microsystem as an 

[0166] Tho p.u.ahty of adsorbent materials are preferably supplied to ^ the chemcal proc g y 
Ly o. moment materials. An array of f 

cne, em adsorbent materials at separate portions of the subs rate The ^adsorbent ma y ^ 

.nd-vduaHy addressable regions of the substrate or alternat we J;^2 e S 

m „c,a, . selected to be suitableforsupport of the adsorbent anc ^^^^^J^^^^^b 
w< „ moo.abrca.ion techniques. Silicon, including ^^^^T^^ P'-ar substrate, and the 

L c.amp te each microreactor effluent stream can be passed ove j«u ^^J™. to the plurality of 
supported oy .dependent substrates. The ^^^ZlS^Z efflue r 1 each microreactor passing 
m c.o.cac t or S asacontiguousthinftooverasinglesubstrate ■^ tt J^^ fl ^ preferably , nowever , the reactor 
ove. a-ourd or through different spatially addressable portions of that s. ^ fi ^j ™ individually addressable 
criucn, s„cam of the plurality of microreactors is -JmuJ-njo^ 

aoso ocnt mcd,a. each of which is located on an isolated region that spatial* «J™JJ> packed wells porous (flow- 
?e pan,cuia, con. iguration for the adsorbent media is not limiting, ^J^^^^'^J. ma- 
.n-ouqn: acsoroents and micropartte.es (generally 2 orbent-material array 700 

,c,ai ,e.e,en:c F,g 3A through Fig. 5). Re.ernng now t .Figure MBA. for «^^ a are preferably de lin- 

ccn. P ,^ a., -0,0,00,.. material 720 on various regions of *^^J^e™ ^fabrication techniques 
ecu by wc..s „nd,ca,ed generally as 730) that can »^^£Z£££ but could be a different adsorbent 
krown ,„ «, an The adsorbent material 720 ,s pre eraW th sa^e J^^^^^ desorption ) can 
ma.e-.at a. two or mere different regions. Temperature control f on ^ e(jch of the ad . 

be ach.cvcd -or example by use of a temperature-control block 400 ^ dient) , and C an be 

scrben, matcna, regions can bo controlled to * « ^^-^^J^ ,„ > gure 15C (e . 

ccn.rot.cd co.iectively as shown, for example, in Figure 5B or mdn/ ua y . b , ock 400) The 

g w .n ,ndrv,dua. microscale resistive heating elements 410 integral with th tempe ft ^ dj _ 
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for forming such adsorbent materials and/or depositing them on a substrate as a film or in a well are known in the art. 
In an'exemplary approach, an adsorbent material (e.g.. silica gel) can be formed on a substrate as taught in copending 
U.S. patent application Serial No. 09/149,586, filed September 8, 1998 by Desrosiers et al. Indicator reagents or other 
imaging agents can, where appropriate for the particular chemistry involved, be predispersed within the adsorbent. 
5 The amount of adsorbent material deposited on a particular portion of the adsorbent array 700 is not limiting, and will 
vary depending upon the required surface area and the required sorbent mass, each of which will, in turn, vary de- 
pending upon the chemical reaction of interest and the geometry of the array 700. While the adsorbent materials are 
preferably formed on a plurality of regions that are coplanar with each other, alternative, non-planar geometries can 
also be employed. 

10 [0168] In a preferred configuration, the adsorbent materials are spatially separated at an exposed surface of the 
substrate, and arranged such that the array of adsorbent materials can be integrated with the chemical processing 
microsystem to efficiently access each of the plurality of reactor effluents from each of the microreactors. As such, the 
number of different regions of an adsorbent material on an array preferably corresponds to the number of microreactors 
in the chemical processing microsystem. Specifically, the number of adsorbent-material containing regions on an ad- 

15 sorbent array can be one for a single microreactor, but is more typically at least 2, preferably at least 4 or at least 5, 
more preferably at least 1 0, still more preferably at least 25, even more preferably at least 50, yet more preferably at 
least 100, and most preferably at least 250. Present microscale and nanoscale fabrication techniques can be used, 
however, to prepare adsorbent arrays having an even greater number of different adsorbent-material-containing re- 
gions. For higher throughput operations, for example, the number of regions having adsorbent materials can be at 

20 least about 1 000, more preferably at least about 1 0,000, even more preferably at least about 1 00,000, and most pref- 
erably at least about 1 ,000,000 or more. The separation of adsorbent-material-containing regions on the substrate, as 
well the planar density thereof, can likewise correspond to the separation and planar density of the microreactors and 
candidate-material arrays, as set forth above. Specifically, the separation between adjacent regions of adsorbent ma- 
terial can range from about 50 urn to about 1 cm , more preferably from about 1 00 u.m to about 7 mm, and most preferably 

25 from about 1 mm to about 5 mm. The inter-region spacings can be not more than about 1 cm, not more than about 7 
mm, not more than about 5 mm, not more than about 4 mm, not more than about 2 mm, not more 1 mm, not more than 
about 1 00 u,m, and not more than about 50 u,m. Exemplary inter-regions spacings (center-to-center) based on preferred 
embodiments of the invention are 4 mm for having 256 addressable regions on a three-inch wafer substrate, and 2 
mm for having 1024 addressable regions on a three-inch wafer substrate. As such, the surface density of discrete 

30 adsorbent material regions can range from about 1 region/cm 2 to about 200 regions/cm 2 , more preferably from about 
5 regions/cm 2 to about 100 regions/cm 2 , and most preferably from about 10 regions/cm 2 to about 50 regions/cm 2 . The 
planar density can be at least 1 region/cm 2 , at least 5 regions/cm 2 , at least 1 0 regions/cm 2 , at least 25 regions / cm 2 , 
at 50 regions / cm 2 , at least 100 regions / cm 2 , and at least 200 regions / cm 2 . For some reactions, lower or mid-range 
densities may be preferred. For other reactions, higher densities may be suitable. Additionally, even higher densities 

35 may be achieved as fabrication technology develops to nano-scale applications. As discussed below, the arrangement 
of the plurality of adsorbent materials (including separation and relative spatial address) and the plurality of regions 
should be correlated with the arrangement of microreactors for integration therewith. 

[0169] In one embodiment, the array of material consists of, or alternatively, consists essentially of, a substrate and 
adsorbent materials at separate portions of the substrate. Preferably, the array of adsorbent materials consists essen- 
ce tially of the substrate and the adsorbent at the plurality of adsorbent-containing regions. As used in this context, the 
phrase "consists essentially of is intended to exclude other microcomponents such as microreactors, valves, active 
mixers, fluid supply manifolds, etc, without excluding structure whose function is merely to hold an adsorbent material 
in a particular position or to confine an adsorbent material to a particular space. For example, the adsorbent material 
could be provided as microparticles using frits to hold such microparticles in place. In such instances, if the adsorbent 
45 array does not contain other microcomponents, the array is still considered to "consist essentially of the substrate and 
adsorbent. 

[0170] In a preferred embodiment, an array of adsorbent materials, such as silica gel, are deposited onto a substan- 
tially planar substrate having a plurality of substantially co-planar wells formed at one surface of the substrate. With 
reference to Figure 16A and 16B, an adsorbent array 700 comprises 256 circular-shaped wells 730 arranged in a 

50 sixteen-well by sixteen-well square array, with each well having a diameter of about 1 .25 mm and a depth of about 0.1 
mm. The distance between wells is about 4 mm. The preferred well-containing substrate 110 can be formed, for ex- 
ample, using photolithographic microfabrication techniques known in the art. The adsorbent material(s) can then be 
deposited in each of the wells to form the adsorbent containing array 700. In an alternatively preferred embodiment, 
the adsorbent array comprises adsorbent material(s) on up to 1 024 regions of a substrate having 1 024 wells arranged 

55 in a 32-well by 32-well square array. Such an adsorbent array can be prepared, for example, as described above in 
connection with the 256-well array except that the distance between wells is reduced to about 2mm. 
[0171] As noted, the array of adsorbent materials is preferably integrated with the chemical processing microsystem. 
The adsorbent materials can be integrated directly with the microreactors, for example, as shown in Figures 17A and 
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17 B.B ri e %th e ad so« 

array 700, together with anexposedsurfa^ of the adsorbe^ 

the reaction cavity. (Fig. 17A, Fig. 17B). The candidate ™^J^^ "^* 8 ™ ™ Amatively, be formed on 
different substrates 110. 

opposing surfaces of the same substrate 11 0/71 c w « n in jd communica tion between the react.on 

interest .u material.? are intearated with the chemical processing microsystem 

[0172] More preferably, however, the adsorbent materials .are in < eQ ™ e ° microcomponents thereof. 

Independent of, and without affecting the structura [^S^^^J^^^ ™ terials ' all0WS 
With reference to Figure 1 C, the modular, structural '"*^^^Z!n 1 0, contacted with the reactor 
the adsorbent array 700 to be eff iciently loaded to £2^?S3S5E« 1 0. The microsystem 1 0 can 
effluent stream and subsequently unloaded fmmthe '^^^^ZbM array 700 is preferabiy inter- 

TdSd supply manifold, fluid distribution 

[0173] Referring to Figure 1 8A, in a most preferred ernbod men P interchangeable candidate-material 

I plurality of microreactors 600 formed in a pluralrty of ammae ^ ^^^^ f 'aminae that include an 
array 100 and, integral therewith, a plurality of ™ r °^ Jthat shown in Figure 8 and 

interchangeable adsorbent array 700 The microreactor 600 "^^toK-otor 600 is inverted relative to as 
described in connection therewith. (As shown . , F» ISA howeven he {adsorben t-containing) first 

second laminate 220. t ho aHeorhPnt-containinq first laminate 700 has a first surface 

[0174] More specifically, with reference to Figure 1 8A, he ads often conMingi circumferential 
701 , a second surface 702 in spaced, substantially second surface 

edge 703. The separator second laminate 820 has a ^"^^ " r ^^ rtlpt0 tte( , nttMr faoea21 , 
702 of the first laminate 700, a second surface 822 -"^^J^^ » bonded to the second surface 
and a circumferential edge 823. The capping th.rd ^"^ft^ -See? substantially parallel relationship to the 
822 of the separator second laminate 820, a second surface 83 12 ! . spaced sud {urth y e ; cornprises int erior edges 
first surface 831 , and a circumferential edge 833. ^^^^^^^^^^^ 820, such 
824 and interior surface 825 defining "X^bSwT* T^S^L^e, separator block 800, 
that, taken together, the second and third laminates £ f the second laminate 820 and those 
comprising a well defined by the interior edge 824 an interior surface ,825 o i adsorbent- 
portions o? the firs, surface 831 of the third J-jn^-jW « "^S^^S^^' ^ *> M * 
containing laminate 700 is preferably releasably engaged^* at least o ne ■ « ^ ^ ^ 

with at least the separator block 800. The n ^f^^^^ a 300 such as a gasket or other 
adsorbent-containing first laminate 700 is preferably provided by releasa b £ sea. releasab i e contact with 

suitable releasable-sealing means. The adsorbent-contain.ng aminate 70 also JJJJ^^ b|ock 400 . 
(and releasably engaged with) a surface of any other adjacent ammat e such ' ^empe 
0175] The adsorbent-containing laminate 700 further ^^^^^^^^y The candidate 
at least one component of the reactor effluent ™Jg>££^ as sZn n F^ure 18A, on a surface 
material 720 can be formed on an exposed surface o the fnrt lawn* 700 ent 9 containing laminate is 

712 of a well formed in the adsorbent-contaming first laminate 700 The well irr me ^ thefjr£t second 

def in°d bv material-containing surface 712, interior edges 71 4 and imenorsunac _ s • 

824 and interior 

and «L*» 820, 830.2™ . ^^"XTaSSS '^soTrt^lning 712 
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corresponding to a terminal channel section 51 7 of Fig. 7B). The microreactor outlet port 260 is in fluid communication 
with the separator inlet port 850 by means of microreactor outlet channel 261 , connecting channel 550, and separator 
inlet channel 851 . The connecting channel 550 can be of any suitable geometry (e.g., shape and/or length) to facilitate 
communication between each of the plurality of microreactors 600 and each of the plurality of corresponding micro- 

5 separators 900. The separator inlet port 850 is in fluid communication with the separation cavity for supplying the 
reactor effluent stream to the microseparator. Inlet port 850 is formed as the terminal portion of the microseparator 
inlet channel 261 having an interior surface defining an aperture in the third laminate 830. The separator outlet port 
860 is in fluid communication with the separation cavity and is formed as the terminal portion of a microfluidic separator 
outlet channel 861 . The outlet channel 861 can be formed as a microfluidic channel between the second and third 

io laminates 820, 830. The microseparator outlet channel 861 is preferably in fluid communication with a microfluidic 
discharge manifold, such as that shown in Figure 14 and described in connection therewith (with the microfluidic outlet 
channel 861 of Fig. 18A corresponding to a terminal channel section 517 of Fig. 14). 

[0177] The microseparator, such as that shown in Figure 1 8A, may further comprise one or more ports (not shown) 
for analytical microinstruments (e.g., temperature and/or pressure monitoring) and/orfor process control elements (e. 

is g.. pressure-relief valves). The microseparator may also comprise one or more temperature-control blocks 400, 400\ 
The temperature-control blocks 400, 400* can be a cooling block, a heating block or an insulator. As discussed above, 
the temperature of the temperature-control blocks can be controlled to maintain the same temperature for the plurality 
of microreactors, or alternatively, to provide a different temperature a plurality of microreactors. Moreover, control of 
the temperature can be collective and or individual to each microseparator. The temperature control block 400 asso- 

?o ciated with the microreactors is as described above in connection with Figure 8. The temperature-control block 400 
associaicd with the microseparators can be employed as a cooling-block during adsorption of components from the 
reactor effluent stream, and subsequently, after removal of adsorbent-containing laminate 700 with adjacent temper- 
ature control block 400, as a heating-block to facilitate desorption therefrom. Because, in many applications, the re- 
action temperature can differ from the adsorption temperature substantially - up to and, for some reactions, in excess 
of several hundred degrees Celsius - it may be preferred to provide for independent temperature control of the micro- 
reactors and the microseparators. In one approach for'such independent temperature control, the microreactors 600 
and the microseparators 900 have independently-controlled temperature-control blocks 400 associated therewith. 
Tho^e s jbsystoms can be thermally isolated from each other by temperature control block 400', situated between and 
»n roieasabio coniact with the composite separator block 800 and the composite reactor block 200. The temperature 

30 central block ^00' is preferably a cooling block or an insulator block suitable, for example; to provide for or allow for 
ccohng of the reactor effluent stream as it passes through the connecting channel 550 and before it reaches the sep- 
arahon cavity such that the temperature suitable for selective adsorption onto the adsorbent material 720 can be 
independently controlled from the reaction temperature. 

[01 78J A plurality of microseparators, such as the preferred embodiment shown in Figure 18A, can be fabricated in 
35 a oiu-aiiry of laminae using microscale and nanoscale fabrication techniques known in the art. The particular details 
of sucb 'abncaiton are, in large part, analogous as described above for fabrication of the microreactors 600. For ex- 
ample the separator block 800 can be fabricated in a manner analogous to the methods disclosed with reference to 
Figures 9 and 10 

[01 79J In operation. .with reference to Figures 1 8A, one or more reactants 20 are simultaneously supplied to a plurality 

-to of mcrorcactors 600 through a supply distribution manifold and supply inlet channel 251 and inlet port 250. The one 
or more reactants 20 are preferably diffusion-mixed in the reaction cavity and simultaneously contacted with each of 
the candidate materials 120 under process conditions conducive to (or intended to, for research purposes) effect the 
chemical reaction of interest in each microreactor 600 to form one or more reaction products 30. The reaction products 
30 as wen as any unreacted reactants 20, are discharged from each reaction cavity through each microreactor outlet 

J 5 port 260 ana discharge channel 261 as reactor effluent streams 40. The reactor effluent streams 40 are cooled as they 
prtss mrouqn tic connecting channel 550, and are then simultaneously supplied to the plurality of microseparators 900 
ih-outjn bcpaMioi inlet channel 851 and inlet port 850. The reactor effluent stream 40 is resident in the separator cavity 
ard m conMct with adsorbent material 720 for a period of time sufficient to simultaneously adsorb a quantitatively 
detectable amount of at least one analyte component (e.g., reaction product or unreacted reactant) of the reactor 

50 cWuont stream 40. Such separator residence times will vary with the chemistry involved, but can typically range from 
about 1 psec to about 1 hr, preferably from about 100 u,sec to about 30 minutes, more preferably from about 1 msec 
to about 15 minutes, and most preferably from about 10 msec to about 2 minutes. The separated effluent stream 50 
is then simultaneously discharged from the separation cavity through separator outlet port 260 and outlet channel 261 
and through a discharge manifold. 

55 [0180] Although it is generally preferred (as shown in Fig. 1 8A) that the plurality of microreactors 600 are formed in 
a firs: plurality of laminae 100, 200, 300 and that the plurality of microseparators 900 are formed in a second, inde- 
pendent plurality of laminae 700 : 300, 800, these microcomponents can, in an alternative embodiment, be formed in 
a common plurality of laminae. With reference to Figures 7G, for example, an array of thirty-two microreactors 600 and 
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of laminae to bo substantially ooplana, «lth oact, mi o«, re ac,ots 600. whoreas 

headers 862 and common outlet port 863^ ..flow-through" reaction system (e.g., 

[0181] An alternate embodiment, shown in F.gure 18J, s ewec ea microreactors 600 

analogous to a plug-flow reactor). Briefly, the microprocessing system 10 «J«aP * g20 such 

formed in one or more laminae 100. The ^ ml ^" ,n9 J OT, ^^X" frit s porous plug, etc., as 
as beads or particulates contained within 

described above). As shown, the plurality of microreactors 600 are .sealed an heate d j ^ 
bl0Ck s - shown as adjacent heaters 980 - ^ ^^^^S^S^hrough an inlet distribution 
and thecmicroreactor laminae 100. Reactants 20 are P rov ' aea 10 channels 550 The distribution manifold 

ma nifo,d 500 in fluid communication with <££»£^ ^jS^Slo^th. candidate 
500 is thermally isolated from the microreactors 600 by te ^^* . Dassed through conn ection channels 

materials (e.g., catalysts) 920 under reaction condttons re 2^^,^^^^ manifold 501 
550 to a discharge manifold 501 , and further to an external d ^^"^2^So\ block 400. Evaluation of the 
is likewise thermally insulated from the microreactors ^"^jS^J^Infl of the reactor effluent 
candidate materials can be determined by analyses of reaction P^^^^'^^rtM communication with 
stream using one or more sampling probes 9 

eration of a modular chemical processing m-crosystem 1 0 as shown n Figure 18A ^ddis b|ock 
with. As shown in Figure 1 8B, the partially-assembled ^^^T^^'^M,. The firsf microre- 
21 7, 21 r . respectively, and a first and second mlcrose P ar ^ S ^ candidate-material-containing 
actor support block 217 has a microreactor staging area 601 adapted to recerv the «na 
laminate (100 of Fig. 18A) or alternatively, a plurality of ^S^i2o«^^bl«*Sl9 has 

of candidate-material-loaded microreactors (600 of Fig.1 SAUikew the n « £^£0 » or aftema . 
a microseparator staging area 901 adapted to r^ 

M» * P""** ° f laminae (7 °°< 3 °°' X k ?4 0 o Fia 1 8A can be 3d to the housing 214 with the plurality 
(600 of Fig 18A). Temperature control blocks (400 of F.g. 18A can De pr mj _ 

of microreactor laminae and/or the plurality of m,crosepar a «*™Z*^?Z££ su 9 pp ort block 21 8 can be 
croreac'tor support block 217 and/or the first ™ se P ar ^ r ^ the microseparator 

situated between the first surface of the microreactor support block 21 7 an J t J e 1 s ^ ntJ S . sucn as a maC h in able 
suppori block 219;, and can cornp^ 

Example, axia.ly-aligned springs, spring clamps or ■V*™"^ -np^ 
[01 83] Figures 1 8C and 1 8D show a perspective ^^^^S^ JlSon of a modular chemical 
of another preferred, partially-assembled housing 2 14 a ^^"^^^^h. As shown in Figures 18C 
processing microsystem 10 as shown in Figure 18A and discussed ,n / onne ^ o ;^™ rt blocks 217 21? . respe c- 
and 1 BD. L partially-assembled housing comprises first ^^o Z^ITX^^ * candidate 
tively. The firs, microreactor support block 217 has a ^^^^^^^ upwa rd for the orien- 
tal containing laminate ^ 
tation shown in Figs. 18Cand 18D).Them,croreacto» 

support block 217 into which, as discussed below, the candidate matenal array l oo w ^ 
the'system. As such, upon assembly, the first ™™^^^^ 

candidate material array 100. In addition to its support f u m rs t JJ^J2^ftnaalon 1 each of which 
oth erfunc,iona, features, including atem = 

If^e"^^ 
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material array) 100. The microreactor staging area 601' is preferably a raised platform on or integral with the second 
microreactor support block 217' onto which, as shown and as further discussed below, the candidate material array 
100 can be situated upon assembly of the system. As such, upon assembly, the second microreactor support block 
21 T provides normal (vertical) support to the candidate material array 1 00. In addition to its support function, the second 
5 microreactor support block 217' can also have other functional features, including a temperature control function as 
discussed below. Referring further to Figures 18C and 18D, the partially-assembled housing also comprises first and 
second microseparator support blocks 21 9, 21 9', respectively. The first microseparator support block 21 9 has a micro- 
separator staging area 901 adapted to receive a the adsorbent-containing laminate (adsorbent array) 700 (with the 
adsorbent materials facing downward for the orientation shown in Figs. 18C and 18D). The microseparator staging 
. 10 area 901 is preferably a void space in the first microseparator support block 219 into which, as discussed below, the 
adsorbent array 700 will be inserted upon assembly of the system. Hence, upon assembly, the first microseparator 
support block 219 provides lateral (radial) support to the adsorbent array 700. In addition to its support function, how- 
ever, the first microseparator support block 219 can also have other functional features, including a temperature control 
function, discussed below, and a subassembly-clamping function, discussed below in connection with Figures 18G. 
is The second microseparator support block 21 9' likewise has a microseparator staging area 90V adapted to engage the 
adsorbent-containing laminate (adsorbent array) 700. The microseparator staging area 901' is preferably a raised 
platform on or integral with the second microseparator support block 219' against which, as shown and as further 
discussed below, the adsorbent array 700 can be situated upon assembly of the system. The second microseparator 
support block 219', therefore provides normal (vertical) support to the adsorbent array 700 once the system is assem- 
20 bled. In addition to its support function, the second microseparator support block 219' can also have other functional 
features, including a temperature control function as discussed below. 

[0184] Upon engagement of the first and second microreactor support blocks 217, 217', the candidate material- 
containing laminate (candidate material array) 100 is brought into contact with the reactor block 200 (See also Fig. 
18A). The reactor block 200 includes a reactant supply manifold integral therewith (shown as 500 and described in 

25 connection with Figures 7B and 71) having a single common inlet port (510 of Fig. 71) near the edge of the manifold 
(500 of Fig. 71), and having an elbow-shaped vertical conduit 508 extending normal to the reactor block 200 for inter- 
facing with an external fluid distribution (reactant supply) system (480 of Fig. 1C). A releasable seal (e.g., graphite 
gasket) (300 of Fig. 18A) is preferably situated between the reactor block 200 and the candidate material array 100. 
Likewise, upon engagement of the first and second microseparator support blocks 21 9, 21 9', the adsorbent-containing 

30 laminate (adsorbent array) 700 is brought into contact with the separator block 800 (See also Fig. 1 8A). The separator 
block 800 includes an effluent discharge manifold integral therewith (shown as 501 and described in connection with 
Fig. 1 4) having a single common outlet port near the edge of the manifold, and having an elbow-shaped vertical conduit 
508 extending normal to the separator block 800 for interfacing with an external fluid distribution (effluent discharge) 
system. A releasable seal (e.g., graphite gasket) (300 of Fig. 18A) is preferably situated between the separator block 

35 800 and the adsorbent array 700. A temperature control block 400', comprising one or more insulator blocks, is situated 
between the reactor block 200 and the separator block 800. The temperature control block 400' also comprises a 
number of connecting channels (550 of Fig. 18A) providing fluid communication between the outlet port (260 of Fig. 
1 8A) of the reactor block 200 and the inlet port (850 of Fig. 1 8A) of the separator block 800. 

[0185] Engagement and disengagement of first and second microreactor support blocks 217, 21 7' , and independ- 

40 ently, the first and second microseparator support blocks 219, 219' is preferably supplied using one or more hydraulic 
mechanisms. Such engagement and disengagement can preferably be effected independently for the microreactor 
support blocks 217, 217' versus the microreactor support blocks 219, 219V such that candidate-material arrays 100 
and adsorbent arrays 700 can be loaded and/or unloaded from the microsystem independently of each other. In a 
preferred embodiment shown in Figures 18C and 18D, hydraulic chambers 950 (e.g., Mead Fluid Dynamics) provide 

45 a vertically-oriented hydraulic force (e.g., ~~ 40 psi) and are coupled by shafts 956 to flanges 952, to support plates 
954, 955, and/or directly to the second microreactor support block 21 7' or the second microseparator support block 
219'. The periphery of support plates 954, 955, respectively, are further supported by support brackets 958 that are 
slidably coupled to guide posts 959 such that upon hydraulically-actuated motion of shafts 956, the second microreactor 
support block 217' or the second microseparator support block 219' will move vertically. An additional, central support 

50 plate 960 can support the fluid distribution subassembly 970 that comprises the first microreactor support block 21 7, 
reactor block 200, temperature control block 400', separator block 800, and first microseparator support block 219, 
together with required releasable seals (300 of Fig. 1 8A). The central support plate 960 can be further supported along 
its periphery by central support brackets 962. The central support brackets 962 can be slidably coupled to guide posts 
959, or alternatively, permanently or adjustably secured to guide posts 959 (e.g., with a set screw (not shown)). In a 

55 preferred design, the central support brackets 962 are slidably coupled to guide posts 959 with a limited range of motion 
defined by guide springs 964 (shown only in Fig. 18D). Significantly, guide springs 964 allow for either end of the 
microprocessing system 10 - that is, either the microreactor end (lower portion as shown in Fig. 18C and 18D) or the 
microseparator end (upper portion as shown in Figs. 18C and 18D) - to be engaged and disengaged independently 
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i™ other .hereby providing lor great llexibility raith teepect to loading and/or unloading ol candidate-malarial 
Z Z VIS I attays 700 °n addition to a sapped tirnttta. the eenttel sopped plate 562 a. well as the 
SriSZl other — L each „ t.otperatpr, oentte, tttnclion.y as efccueeer, 
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f 8 A and adso^entlaS array 700 can be cooled to a temperature appropriate for selective adsorption of the one 
l!mo^ anflXs (e faction products or unreacted reactants) of interest by a cooler in thermal commun.cat.on with 

" 2 shol Z^ew f"m the adsorbent array 700 is transferred by conduction through the secon 
a a or S upport block 219' to cooling channels 990 formed therein. A cooling fluid is emulated through^ cool ng 

i1S?2i^3eS connection with the first miroreactor support block 21 7, except that thermoelectric coolers 
to that aescriDeo ac.ove m oum inteqrated with a temperature control 
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' ek doJZh ,a a P.»i.e inetrle.o, block 400> With r.lereno. Ftgaree 183 and 18H. the ^*™»™"' 

~s„r;:pi 9 r^^^^ 

[0188] W,th reference ^to "9" * temperature control blocks 400', separator block 800, 

-r^ 

74 Threaded fasteners (not shown) extending between and connecting the j£ 
the first microseparator support block 21 9 can be used to secure the subassembly, w,th the support blocks 217,219 
acting as clamping plates and providing a support function. 
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[0189] The fluid distribution subassembly 970 can be interfaced with one or more external fluid distribution sub- 
assemblies 920, as shown in Figure 18F. Reactantsand reactor effluent (or separated reactor effluent streams following 
adsorption) can be supplied to the microreactors or discharged from the microseparators, respectively, through one or 
more such external fluid distribution subassemblies 920 (shown only for the effluent / discharge side). Briefly, with 

5 further reference to Figures 18G and 18H, a reactant can pass through an external fluid distribution subassembly (not 
shown for reactant / inlet side) into a reactant supply-side elbow-shaped vertical conduit 508 extending normal to the 
reactor block 200, through the reactant supply manifold integral with the reactor block 200 and into the microreactors. 
After reaction therein, the reactor effluent passes through the connecting channels (550 of Fig. 1 8A) of the temperature 
control block 400' and into the microseparators where one or more components thereof can be separated. The sepa- 

10 rated effluent stream then passes through the discharge mannifold integral with the separator block 800 and is dis- 
charged from the microsystem through the discharge-side elbow-shaped vertical conduit 508 extending normal to the 
separator block 800. Discharge-side conduit 508 is in fluid communication with the external fluid distribution subassem- 
bly 920. With reference to Figure 181, the separated reactor effluent stream passes from the discharge-side conduit 
508 (e.g., glass) through an elbow 922 (e.g., glass), through a flexible microcapillary 924 (e.g., polyimide-coated quartz 

15 capillary), through a rigid, larger diameter transfer conduit 926 and finally through the outlet port 922 of subassembly 
920 to the external fluid distribution system (e.g., waste). Fittings, adhesives, bonding, etc. known in the art can be 
used to effect appropriate connections of the various distribution components 508, 922, 924, 926. 
[0190] After one or more of the components of the reactor effluent stream have been separated therefrom (e.g., by 
adsorption onto the adsorbing material), the separated component may be detected (e.g. , as to its presence or absence) 

20 and/or quantitatively determined using a variety of techniques known in the art. As noted, such determination can be 
effected in situ in the chemical processing microsystem. Alternatively and preferably, however, such determination is 
effected at a subsequent time and at a remote location. 

[01 91 ] Quantitative determination of reactor effluent components can be performed, for example, by desorbing such 
components from the adsorbent material (e.g., by heating), and then detecting the desorbed component by gas chro- 

25 matog.raphy, mass spectroscopy, infrared spectroscopy, optical spectroscopy (e.g., with indicator imaging) or other 
suitable approach. Briefly, for example, in the thermal desorption approach, samples can be desorbed into a gas chro- 
matograph or into a mass spectrometer and analyzed as known in the art. Preferred gas chromatography approaches 
include rapid GC protocols such as those disclosed in Cooke, Decreasing Gas Chromatography Analysis Times using 
a Multicapillary Column, Abs. 403P, Book of Abstracts, PittCon* '96 (1996). Infrared spectroscopy can be applied by 

30 desorbing the adsorbates into a standard gas cell in an FTIR spectrometer. With reference to Figures 19A through 
19C : for example, a detection probe 910 can be positioned over an adsorbent-containing region of an adsorbent array 
700, and the reactor effluent component can be desorbed therefrom by heating. The heating can be controlled indi- 
vidually for each region (Fig. 19A, Fig. 19C) using, for example, spatially addressable resistive heating elements 410 
within a temperature-control block 400 (Fig. 19A) or spatially addressable laser source 420 (Fig. 19C). The heating 

35 can alternatively be applied collectively and simultaneously to each of the adsorbent-containing regions to desorb 
reactor effluent components from each region simultaneously, but using multiple detector probes 910 in parallel. 
[0192] In another detection approach involving indicator imaging (e.g., colorimetry) / spectroscopy the array of ad- 
sorbed materials can be exposed to detection agents (e.g., indicating agents such as fluorescent tags s dyes, colorants, 
radionuclides, biological markers or tags, etc.) that are selective for an analyte (e.g., one or more particular reactor 

^o effluent components of interest). Typically, the detection agent reacts and/or interacts (e.g., through hydrogen bonding) 
with one or more of the adsorbed species to form a detectable species. The array is then imaged to detect the detectable 
species using, for example, suitable spectroscopic techniques to determine fluorescent intensity or color wavelength 
and correlating the same with known standards to determine the presence, absence or quantity (relative or absolute) 
of the analyte component of interest. A preferred embodiment includes, with reference to Figure 1C, a station for 

45 applying a detection agent to the adsorbed species, and a detector. The station can be a spray station for spraying 
dye or colorant onto the adsorbed component - or alternatively, for applying a detection agent to the adsorbent material 
prior lo the reaction. The spray station can have an automated XYZ translation stage for providing relative motion 
between a stationary nozzle (e.g., a passive ultrasonic nozzle) and the array of adsorbent material. Detection agent 
can be provided to the spray nozzle from one or more reservoirs through feed lines by syringe-pump motive force. 

50 Near simultaneous detection can be determined, for example, by exposing the detectable species to UV light, and 
determining intensity with parrallel detection devices, such as a CCD camera (e.g., Andor, Ireland) under software 
control of the manufacturer. The CCD camera can detect UV fluorescence (e.g., for fluorescent dyes) and/or transmis- 
sion absorbance (for color dyes). The detected signal can be correlated to signals from known standards to determine 
the presence, absence and/or absolute or relative quantity of analyte. 

55 [01 93] Figures 1 6C and 1 6D show arrays of adsorbent materials that can be employed in detection schemes involving 
thin-layer chromatography (TLC) techniques to determine the presence, absence or relative or absolute quantity of a 
particular reaction product of interest. Figure 16C, including corresponding detail (taken at A), shows an array com- 
prising a plurality of substantially parallel TLC channels, each of the plurality of TLC channels 740 having one or more 
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mo bi,e-phase inlet ports 742 and one ormore SToSS Z^Z^i^ 

(via the TLC channel 740). The TLC channels 740, and ^^^^^.^dtacu^ above 
asubstrate710usingmicrofluidicmanufa^ 

in connection with fabrication of the microreaders, m.crosepa rators (e reaction produc ts 

740 contain an adsorbent material 720 that is substantiahy se< 

or unreacted reactant) of interest. The TLC channe s 740 are a range such that a port on ^ a m , 

containing TLC channel 740, referred to heron " the a d T s h 7 a t '°r/ m P ^^ 0 ^^ n n jn some embodiments, form a 
croseparator 900 of the invention (as described above). The a « s0 ^ 0 "^^ arranged to correspond 

portion of a surface that defines the separation cavity e.g by hav, g E adsorption spot 744 

to the arrangement of adsorption spots 744 as show " J^^^^^pta. nlet port 742 of the TLC 
is preferably located in a portion of the TLC channel 740 that « ^ t0 * * of TL c c hannel between 

channe. 740 than to the mobile-phase outlet port 7**£™ ^^S^^ ° °" ain meanin ^ TLC 
the adsorption spot 744 and the mob,le-phase outlet port 743 is ^^^jerenx t0 Figure 16C and Figure 
upon subsequent elution of the adsorbed analyte of interest. I operation, "J h 9 eadsorberrtmaterial 
l^anana.yteintherea™ 

720 at the adsorption spot 744 in the TLC channel /4u, wnn uw p removed from 

discharge manifold (501 of Figure 14) as Z^Z^Z^Ln) comprising 

the microprocessing system 10 (as describe ), and hen evalu » ^^^J^JSLib- in connection with 
a mobile-phase source, a mobile-phase supply manifold (e.g., subS ' an ^^^^ as snown and described 

Figures 7B or 71), the TLC array 700, a mobile-phase ^charge mann . gaskets) between 
inLnectionwithFigures14),amobi^ 

the manifolds and the TLC array 700. A TLC rnoNe pi ^J^j^fi?^ each of the plurality of mobi.e- 
mobile-phase inlet ports 742, through each of the plurality of TLC ™o a ^ 

phase outlet ports 743. Afteroptionaltrcatment w,th appropriate '^^^^^^^^^^to 
thereof, the relative movement of the analyte of interest ^.^J^^^^L reaction of interest) 
known standards (included, for example, in the ™ react '° n ' ™^ conditions, etc.). In another 

for determination, and uftimately, for evaluation o * e * an ^ 600 through a discharge 

embodiment, shownin Figure 1 6D, the m.croreaotor effluent .s ^'^X ^Tesc^ „ connection with Figure 14), 
mannifold 501 (e.g., having flow resistance character^ arranged in one or more rows 
and is contacted with an array of adsorbent-material containing ^^JJ^autaWe as the microreactors 
near the peripheral edge of the substrate. The m ««J»^ with the discharge 

600, or alternatively, as shown in Figure 16E, on a ■ different substrate^ but in flud commun 

flowpaths through a row of apertures 51 9 and connec jng cha J^^^iS along an external edge 
separators can also be TLC channels 740 (w,th the ^onbent mater ^SeJf^rhl 720 in the microseparators 
of the TLC array 700. An analyte can be selectively ^^^^^^^L^ 10 (as described), and then 

of interest can be correlated to known standards, as discussed abew. caf Qut for 

[0194] The detection (following the desorption approach, the ^ J J ^^2™ fashion (serial application 

offers a great degree of flexibility with respect to P'T^^^SE.^ herein with respect to an adsorp- 
[0195] While the preferred separation and analys *W^*™J^£^ tecnni For examp | e , in 
ion process, an analogous approach can be taken based on other chemical ^separat.o q coo , ed 

p.ace of the adsorbent materia, 720. a blank well 730 ; 0 ^^ into the well 

using temperature-control block 400 to facilitate condensation ^™ 8ed t0 „ sni P r rea ctor effluent, in 
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Removal of Candidate Materials from Microreactors 

[01 96] The plurality of different candidate materials being screened for their capability to enhance the chemical proc- 
ess of interest can be removed, preferably simultaneously, from each of the plurality of microreactors. Specifically, a 
5 first candidate material is unloaded from a first microreactor and, preferably simultaneously therewith, a second can- 
didate material is unloaded from a second microreactor. If additional candidate materials were evaluated in additional 
. microreactors, then each additional candidate material is preferably likewise simultaneously unloaded from their re- 
spective individual microreactors. 

[0197] In preferred embodiments, in which the candidate materials were supplied to the plurality of microreactors as 
10 an array of candidate materials, the array can be removed from the chemical processing microsystem by releasing the 
array from the other microreactor components (e.g., fluid distribution system), and then withdrawing the released array. 
The array is preferably released without substantially affecting the structural integrity of the other microreactor com- 
ponents. With reference to Figure 2 ; for example, the candidate material array 1 00 can be released by disengaging 
the first surface 201 of the reactor block 200 from the second surface 21 2 of the housing block 210. The array 1 00 can 
15 then be removed by breaking the contact between the array 100, the seal 300 and the heating block 400. An analogous 
approach can be taken for unloading the candidate material array 1 00 of Figures 8, 1 8A and 1 8B. 
[0198] Significantly, once the array 200 is released and unloaded from the plurality of microreactors, a different 
candidate material-containing array 100 can then be loaded to the microreactors. It may be desirable, in conjunction 
therewith, to provide a new, releasableseal 300 between the adjacent surfaces of the array 100 and the reactor block 
20 200. 

Removal of Adsorbate-Containing Adsorbent from Microseparators 

[0199] The adsorbate-containing adsorbent employed for separating one or more reactor effluent components can 
25 be removed, preferably simultaneously from each of the plurality of microseparators. Specifically, a first adsorbate- 
containing adsorbent is removed from a first microseparator and, preferably simultaneously therewith, a second ad- 
sorbate-containing adsorbent is removed from a second microseparator. If additional reactor effluent components were 
adsorbed from the reactor effluent streams of additional microreactors, then each additional adsorbate-containing ad- 
sorbent is preferably likewise simultaneously removed from their respective individual microseparators. 
30 [0200] In preferred embodiments, in which- the adsorbent is supplied to the plurality of microseparators as an array, 
the array can be removed from the chemical processing microsystem by releasing the array from the other microsep- 
arator components (e.g., fluid distribution system), and then withdrawing the released array. The array is preferably 
released without substantially affecting the structural integrity of the other microseparator components. With reference 
. to Figures 18A and 18B, for example, the adsorbent array 700 can be released by disengaging the second surface 
35 702 of the adsorbent array 700 from the first surface 821 of the composite separator block 800. 

[0201] Significantly, once the array 700 is released and removed from the plurality of microseparators, a different 
adsorbent array 700' can be supplied to the microseparators. It may be desirable, in conjunction therewith, to provide 
a new releasable seal 300 between the adjacent surfaces of the array 700 and the separator block 800. 

40 Integrated Material Evaluation System 

[0202] As noted, the chemical processing microsystem described in substantial detail herein can be, and is preferably, 
integrated into a material evaluation system for effectively and efficiently identifying new materials such as catalysts. 
Particular reference is made to Figure IB, Figure 1C and Figures 18A and 18B, as well as the discussion provided in 
45 connection therewith. 

Process Characterization and/or Optimization 

[0203] Chemical conversion is inherently process -intensive. As such, advances in process knowledge, and improve- 
50 ments in process performance (e.g. . selectivity, yield) can be of significant commercial value. The combinatorial chem- 
istry approach, and particularly, the devices and systems disclosed herein, can be advantageously applied to process 
characterization and/or optimization research. 

[0204] According to one approach for optimizing a chemical process, the particular process of interest is effected in 
a multi-parallel fashion while varying only a limited number (e.g., one, two or three) of process conditions during each 
55 experiment. More specifically, one or more reactants are simultaneously supplied to each of four or more microreactors, 
a first set of reaction conditions is controlled to be substantially identical in each of the four or more microreactors, a 
second set of reaction conditions is controlled to be varied between two or more of the microreactors, the first and 
second set of reaction conditions are controlled, collectively, to effect the chemical reaction of interest, a reactor effluent 



42 



DOC ID: <EP 1 106244A2_I_> 



EP1 106 244 A2 



wmm^mmm 

wmimmm 

varied using various material-deposition approaches. 
Small Quantity Production 

effluents or the collected reaction products. . 

[02081 The following examples illustrate the principles and advantages of the invention. 

EXAMPLES 

Example 1: Manufacture of Microreactor / Microseparator 

catalysts for the direct amination of benzene to aniline. 
Reactor Block Array 

[02 10] A firs, sIHcon/glass laminae substructure comprising 256 S 
development the water was hard-baked at 120 Cto capacttiV e plasma etcher (Drytek). All photoresist 
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for etching the channels. A 22.5% KOH solution at 80 °C was used to etch the channels. The etch rate was measured 
to be -0.8 urri/min and the etch was timed to control the channel depth. After the supply-manifold channels were 
etched, an array of two-hundred-fifty-six apertures (120 u.m diameter) were created normal to the silicon wafer surface 
using a YAG laser (CCT Laser Processing) for use as the microreactor effluent channel. Finally, the silicon nitride was 

5 removed in a solution of phosphoric acid at 150 °C. 

[0212] An array of two-hundred-fifty-six apertures (1 mm diameter) were created in the Pyrex glass wafer using 
ultrasonic drilling for use as the reactor-volume-controlling portion of the reactor block wells. 
[021 3] The silicon wafer and glass wafer were then manually aligned with respect to each other in an anodic bonding 
chuck (Electronic Visions), such that the array of apertures on the glass wafer were concentric with the array of apertures 

10 on the silicon wafer. The silicon and glass wafers were then anodically bonded at 305 °C at 1 000 Volts for 20 minutes 
which produced a total charge displacement otaround 2 Coulombs for the wafer pair, thereby forming the laminae 
substructure having an array of reactor blocks. 

Catalyst Array 

15 

[021 4] A catalyst array was created by sol-gel protocols using a 3"x3" square glass or quartz substrate (Chemglass) 
having. an array of two-hundred-fifty-six wells arranged to correspond to the arrangement of reactor blocks on the 
silicon/glass laminae substructure. The candidate materials were candidate catalysts to be screened for their capability 
to catalyze the direct amination of benzene to aniline. The specific methodology employed for forming the catalyst 
20 array is described in copending U.S. patent application Serial No. 09/1 56,827, filed January 1 8, ,1 998 by Giaquinta et al. 

Separator Block Array 

[0215] A second silicon/glass laminae substructure comprising 256 separator block wells, a fluid discharge manifold 
25 such as shown and described in connection with Figurel 4, and a microseparator inlet channel for fluid communication 
to the microseparator was formed. The laminae substructure was fabricated from one 4° diameter double polished p- 
type Si(001 ) wafers (International Wafer Service) and one Pyrex 7740 glass wafer (Corning) substantially as described 
above for manufacture of the reactor block array, except that the photoresist patterns were altered such that the fluid- 
discharge manifold had a uniform width over each of the effluent paths (i.e., was not flow- restricting - substantially as 
20 described in connection with Fig. 14). 

Adsorbent Array 

[021 6] An asorbent array substrate was created in a third silicon/glass laminae substructure formed from a 4" diam- 
35 eter silicon wafer and a 4" diameter Pyrex 7740 glass wafer having a thickness of about 0.5 mm. The glass wafer was 
ultrasonicaliy drilled with an array of two-hundred-fifty-six apertures (1mm diameter) arranged to correspond to the 
apertures formed in the separator blocks of the microseparators. The silicon and glass wafers were registrated with 
respect to each other on the anodic bonding chuck and anodically bonded at 305 °C at 1000 Volts for 20 minutes to 
form an array of two-hundred-fifty-six cylindrical wells 1 mm in diameter and 0.5 mm deep. 
-to [0217] An adsorbent suitable for detecting aniline was then deposited into each of the wells of the adsorbent array 
substrate to form the adsorbent array. The adsorbent was Adsorbosil-Plus-1 (Alltech), a silica gel with an inorganic 
binder (calcium sulfate). The as-purchased adsorbent was mixed with water to form a slurry. An indicating dye for 
aniline was incorporated into the slurry to assure uniform distribution of the indicator. The slurry was then trawled into 
the wells in the adsorbent-substrate laminae substructure using a razor blade. Extra slurry was removed from the wafer 
■*5 surface with the razor blade and the array was allowed to dry at room temperature for one hour, and then heated to 
100 °C for one additional hour. 

Temperature-Control Block 

so [0218] A 4" diameter machinable ceramic insulating block (MACOR) having a total thickness of about 2" was em- 
ployed as a temperature control block between the microreactors and the microseparators. An array of two-hundred- 
fifty-six apertures (1 mm diameter) were formed in the insulating block to operate as connecting channels - to provide 
fluid communication between each of the microreactor effluent (discharge) channels and each of the microseparator 
inlet channels. In other embodiments, the insulating block was formed by combining several quartz blocks (0.5 inch). 

55 The connecting channels were formed therein by laser drilling (diameters ranging from about 0.15 mm to about 0.5 mm). 
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Releasable Seals 

of microreader blocks and the array of microseparator blocks. 
Chemical Processing Microsystem 
[0220] Thechemicalprocess^ 

as shown and described in connection with Figure 1 » Qnay, »™ v aligning the array of candidate materials 
were releasably integrated with each otherto ^^^^SS2? S Sy, the separator block array and 
with .he array of reactor blocks with a releasaWe seal s, ^ »^^ a ^ Qf microsep arators by aligning the 
,he adsorbent array were releasably integrated with each ^^^^^Z^etoJ^. The temperature- 
adsorbent array with the array of separator ^^"^^ I jieparafors with the intercon- 

rn^=^^ 

STy^^^ 
processing microsystem. 

^^jo 9 O peration of Parallel Microreactor / Microsep arator 
Catalyst Synthesis 

{02211 Catalystswereformedusingva^ 
U>*s,^ 

" UBRARV 'STUDIO™ ^^T^^^^ 
^ w. automated liquid handling on a 3"x3" square 

PRESSIOMST'- (Symyx Technologies, Inc). Briefly catalys « g 
cuss o. quart/ wafer. For impregnation synthes.s, ^^S^Z^Si needed for catalyst library 
Ldunq robot The slurries were dried and prefabricated support wafers were stwec I unti ^ 
syntres* The catalyst impregnation was effected by incipient wetnes ' t 2^2^^ w ^ 8 fl , | iqu id were 
„L V of m,,od metal-salt precursor solutions in a ma ^^^^S^^Z pore size determined 
,, rt ns«c«cd from each well to a corresponding support The vo "^^^ESs dried at 120-C for 1 hour and 

■ lhc vo.umo transferred. After all desired supports have been 'mpregnated^he wafer was dried 

mo mcta, counter-ions were removed and metal ox, es we J^J^S goading in the support. 

d0 nc m a 4" quartz tube furnace with wafers lying flat on a quartz slide. 
Afcror cacfor / Microseparator Operation 

[0222] , no roactant teed was a combination of gases and Hquids. ^^^S^J^ 
inJo^ccnngum^ 

wcro Hd.usied to ach.ove a residence time of 0.5 secon ° S f * ™' .!__ actor was in the purge mode and a catalyst 
nmoqcn o. to bo undo, flow from the reactant stream. In.t ff**™£ ^J n ^ wi h ^ it distribution manifold 
wa.c. wa* Uadcd onto the heated chuck and then P*^^^^^ r chromatography plate cut 
,n mc recant block On the opposite side of the reactor '^^'J^^^^ The cooling chuck was 
,o3-0-wasp:acod in contact with theout^ 

pncumatcally brought down against the TLC plate and seaieo me rea , switched from 

mvogm 10 Iho r.atfant Md atraam. The reastior iwaa ,ru, n n 

„„. „«ao»Cd OW^) «, ^^^^^ » Ba rrem.„ng 
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station and placed into the imaging station and allowed to develop for 2 minutes, after which a 1024x1024 pixel image 
was taken with a CCD camera. The fluorescence image can be directly related to the analyte mass using the intensity 
of the calibration spots. The fluorescence is not a linear function of analyte concentration, so a calibration curve was 
measured experimentally (FIG. 20A). The microprocessing system was operated either in the low-mass linear portion 

5 of the fluorescence detection system, or in some cases, the calibration curve was used to normalize the data. 

[0224] In one experiment, to measure the effect of the varying the catalyst loading in the reactors, different wells 
were filled with a commercial bulk catalyst diluted with varying amounts of inert material. Each well contained a fixed 
amount of material, of which the catalyst fraction varied from 1 0% to 1 00% catalyst, by weight, relative to total weight 
of material. Parallel reactions were effected as described above. Integrated intensities were measured and the variation 

10 between multiple wells of the same concentration was also measured (FIG. 20B). Some variation within individual 
samples was observed (shown by error bars on FIG. 20B), primarily due to variations in the catalyst loading attributable 
to manual loading procedures. Nonetheless, these data show that final measured signal varied linearly with catalyst 
loading in the reactor, as expected. 

[0225] In another set of experiments, it was verified that each microreactor was independent of neighboring micro- 

15 reactors, by measuring cross-talk between channels. Catalysts were loaded into 1 4 different, spatially separated wells 
on a 16x16 array of 256 wells formed in the material-containing laminate. The remaining wells contained no catalyst. 
After running the experimental protocol above, the plate was sprayed with the dye, developed and imaged. FIG. 20C 
demonstrates that there is no appreciable cross-talk between channels, and that the active channels are all of similar 
intensity - independent of their location on the wafer. These data, therefore, confirm the uniform distribution of reactants 

20 between microreactors and the similar conditions in each microreactor. Additional tests were made with the same 
catalyst in every well and the distribution of integrated intensities was measured. The measured intensities for each 
microreactor / microseparator varied less than 15% from the average intensity. The primary sources of error in this 
experiment were the non-uniformity in the spraying of the dye, and the non-uniformity of the UV illumination field in the 
imaging station, both of which errors can be reduced through further development of post-reaction processing steps. 

25 [0226] A further set of experiments were performed to test the wafer-based synthesis and microreactor / microsep- 
arator screening system for correlation to a known catalytic system. Briefly, wafer based mixed-metal oxide ternary 
libraries were run in the microreactor system as described above, and similar bulk catalysts were run in a more tradi- 
tional reactor with gas chromatograph detection. The same trends in activity were seen in the wafer-based libraries 
using the above-described reactor. 

30 [0227] Additional experiments explored the effect of different parameters during the discovery of heterogeneous 
catalysts. Figure 20D shows an example of 18 noble metal - transition metal - metal oxide ternaries on a single catalyst 
wafer This wafer was screened for catalytic activity using the chemical processing microsystem of the invention sub- 
stantially as described above. As shown in FIG. 20D, several compositions having catalystic activity - indicated by high 
intensity of fluorescence (bright spots) were determined. Once promising composition were identified, other composi- 

35 tional parameters, including for example, variations in dopants and supports, were investigated in further experiments. 
Figure E shows the data resulting from screening libraries comprising varying dopant concentrations across a set of 
18 ternaries. The then-most promising compositions (noble metal, transition metal, dopants) were selected and then 
used in a further evaluation directed to determining the most promising support material. Specifically, catalyst compo- 
sitions were screened with a variety of metal-oxide supports, as shown in Figure 20F, with different pore sizes and 

40 compositions. The resulting data show that zirconia is a preferred support, and that titania may also be useful as a 
catalyst support. Silica and alumnia were shown to be less desirable as catalyst supports for the reaction of interest. 
[0228] In light of the detailed description of the invention and the examples presented above, it can be appreciated 
that the several objects of the invention are achieved. 

[0229] The explanations and illustrations presented herein are intended to acquaint others skilled in the art with the 
45 invention, its principles, and its practical application. Those skilled in the art may adapt and apply the invention in its 
numerous forms, as may be best suited to the requirements of a particular use. Accordingly, the specific embodiments 
of the present invention as set forth are not intended as being exhaustive or limiting of the invention. 



so Claims 

1 . A chemical processing microsystem comprising 

four or more microreactors, each of the four or more microreactors comprising a surface defining a reaction 
55 cavity for carrying out a chemical reaction, the reaction cavity having a volume of not more than about 3 ml, 

an inlet port in fluid communication with the reaction cavity, and an outlet port in fluid communication with the 
reaction cavity, and 

a fluid distribution system for supplying one or more reactants from one or more external reactant sources to 
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10 



15 



thP inlet oort ol each of the four or more microreaders and for discharging a reactor effluent from the outlet 
^laculZtu or more microreaders to one or more externa, effluent sinks character.ee I in that 
the reason cavrty of each of the four or more microreactors has a geometry defined by rat,os of distances X 
Y and Z measu^d within the reaction cavity along three mutually orthogonal lines having a common po nt of 
Lersection at a midpoint of the longest line, Z, the X:Z and Y:Z ratios each ranging from about 1:2 to about 1.1. 

2. A chemical processing microsystem comprising 

f.„r nr mnrP microreactors each of the four or more microreactors comprising a surface defining a reaction 
Z^TZT^ Ze than about 3 m, for carrying out a chemical reaction, an inlet port m nujd 
JommunTcaton with the reaction cavity, and an outlet port in fluid communication with the react.on cavity, and 
tSSSSSS!S^ supplying one or more reactants from one or more external reactant sources to 
the inlet ^SlcBon cavSyand for discharging a reactor effluent from the outlet port of each react.on 

m^ally orthogonal Ls having'a common point of intersection at a midpoint o, the longest hne, Z, the X:Z and 
20 Y:Z ratios each ranging from about 1 :2 to about 1:1. 

4. A microreactor for microscale chemical reactions, the microreactor comprising 

a surface defining a reaction cavity for carrying out a chemical reaction, the reaction cavity having a volume 

i^LTpTrt^urclltation with the reaction cavity for supplying one or more reactants thereto and 
an ol; port in fluid communication with the reaction cavity for discharging one or more reaction products 

T:^TXt:? 9 Ze«y defined by ratios of distances X, Y, and Z measured within the reaction 
cavi"Sng three mutually orthogonal lines having a common point of intersection at a m,d P o,n. of the longest 
line, Z, the X:Z and Y:Z ratios each ranging from about 1 :2 to about 1 :1 . 

5. The microsystem of any of claims 1 -3 wherein the volume of the reaction cavity is not more than about 100 p.l. 
35 6. The microsystem of any of claims 1 -3 wherein the volume of the reaction cavity is not more than about 10pL 

7. The microsystem of any of claims 1 -4 wherein the volume of the reaction cavity is not more than about 5 pi 

8. The microsystem of any of claims 1 -4 wherein the volume of the reaction cavity is not more than about 1 pi. 
40 9. Themicrosystemofanyofc^ 

10. The microsystem of any of claims 1 and 3-8 wherein the X:Z and Y:Z ratios each range from about 3:4 to about 1 :1 . 
« 11. The microsystem of any of claims 1 and 3-8 wherein the X:Z and Y:Z ratios are each about 1:1. 

12 The microsystem of any of claims 1-11 wherein the chemical processing microsystem further comprises at least 
' four different candidate materials individually resident in the four or more microreactors. 

so 13 The chemical processing microsystem of any of claims 1-12 wherein the volume of the reaction cavity for at least 
four of the four or more microreactors is different from each other. 

14. A method for identifying or optimizing catalysts for a chemical reaction of interest, the method comprising 

loading at least four materials into the microreactors of the chemical processing microsystem of any of claims 
limu'ltaneously contacting each ofthe at leastfourmaterialswrththeoneormore reactants in themicroreactors 
under reaction conditions for the reaction of interest, 
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simultaneously discharging a reactor effluent from the material-containing micro reactors, and 
evaluating the at least four materials for catalytic activity for the chemical reaction of interest- 

15. A method for evaluating or optimizing process conditions for a chemical reaction of interest, the method comprising 

5 

simultaneously supplying one or more reactants to each of four or more microreactors of the chemical process- 
ing microsystem of any of claims 1 -13, 

controlling a first set of reaction conditions to be substantially identical in each of the microreactors, 
controlling a second set of reaction conditions to be varied between two or more of the microreactors, 
10 simultaneously discharging a reactor effluent from each of the four or more microreactors, and 

evaluating the effect of varying the second set of reaction conditions. 

16. A method for identifying or optimizing catalysts for a chemical reaction of interest, the method comprising 

is loading at least four materials into four or more microreactors such that the at least four materials are individ- 

ually resident in separate microreactors, each of the at least four materials comprising an inorganic material, 
a metal-ligand or a non-biological organic material, each of the four or more microreactors comprising a surface 
defining a reaction cavity having a geometry and having a volume of not more than 3 ml, 
simultaneously supplying one or more reactants to each of the four or more microreactors, 

20 simultaneously contacting each of the at least four materials with the one or more reactants in the four or more 

microreactors, 

simultaneously discharging a reactor effluent from each of the four or more material-containing microreactors, 
nnd 

evaluating the at least four materials for catalytic activity for the chemical reaction of interest, characterized 
in that 

the geometry of the reaction cavity is selected and the reaction conditions are controlled in the four or more 
microreactors such thatthereactant residence time, x res , is longerthan the diffusion period, i difl: for the reaction 
cavity 



30 17. A method for evaluating or optimizing process conditions for a chemical reaction of interest, the method comprising 



simultaneously supplying one or more reactants to each of four or more microreactors, each of the microre- 
actors comprising a surface defining a reaction cavity having a volume of not more than about 3 ml for carrying 
ou: a chemical reaction, an inlet port in fluid communication with the reaction cavity, and an outlet port in fluid 
35 communication with the reaction cavity, 

simultaneously discharging a reactor effluent from each of the four or more microreactors, characterized in that 
a f;rst set of reaction conditions are controlled to be substantially identical in each of the four or more micro- 
reactors. 

a sccona set of reaction conditions are controlled to be varied between two or more of the microreactors, and 
•*o the effect of varying the second set of reaction conditions is evaluated. 

18. The method of claim 17 wherein the geometry of the reaction cavity is selected and the reaction conditions are 
controlled in the four or more microreactors such that the reactant residence time, x res , is longerthan the diffusion 
period i dr1 . for the reaction cavity. 
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19. A method for effecting a microscale chemical reaction, the method comprising 



supplying one or more reactants for a chemical reaction of interest to a microreactor, the microreactor com- 
prising a surface defining a reaction cavity having a volume of not more than about 10 \i\ for carrying out a 
50 chemical reaction : an inlet port in fluid communication with the reaction cavity for supplying one or more re- 

actants thereto, and an outlet port in fluid communication with the reaction cavity for discharging one or more 
reaction products therefrom, and 

converting the one or more reactants to one or more reaction products in the reaction cavity characterized in 
thai 

55 the reactants reside in the reaction cavity under process conditions effective for the chemical reaction of interest 

for a residence time, t res that is longerthan the diffusion period, T diff for the reaction cavity under such process 
conditions 
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' has a volume of not more than about 100 nl. 
has a volume of not more than about 1 0 ul. 

- f nf the at least four microreactors has a 

23 The method of any o, olaims 14-20 wherein the reaction cav,ty of each o, the 
,o volume of not more than about 5 

24 The — - =n, ., — *« — - — "* - - " " ' " ~ ' 
volume of not more than about 1 \il 

„ ere " 

' for catalyzing the chemical reaction of interest. 
26. The method of any of claims 1 -25 further comprising 
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< 57) A chemical processing microsystem compnses 
L, o- more microreactors (600), each of the four or 
m3 ,e mcroreactors compnsing a surface defining a re- 
ncton cav.ry .or carrying out a chemical react-on, the 
,c,ct,on cav.ty having a volume of not more than about 
3n i an inlet port (250) in fluid communication with the 
reaction cav,.y and an outlet port (260) in fluid commu- 
„,c-ton w.th the reaction cavity, and afluid distribution 
system .483) lor supplying one or more reactan s from 
ore o. more external reactant sources to the inle port 
,2S0) oi each of the lour or more microreactors (600) 
«ro to. c.scnargmg a reactor effluent from the outlet port 
(2t>0) of each ol the four or more microreactors to one 
or rm.c eternal effluent sinks, wherein the reaction 
ov,iy oi each of the (our or more microreactors has a 
g , 0 „,c,ry defied by ratios of distances X, Y, and Z 
measured w,.h.n the reaction cavity along three mutually 
orthogonal lines having a common point of intersection 
Lm.dpo.nt of the longest line, Z, the X:Z and Y:Z ratios 
each ranging from about 1:2 to about 1:1. 

Another chemical processing microsystem com- 
pnses lour or more microreactors and a fluid distribution 
system wherein the volume of reaction cavities of the 
m-.croroactors is different from each other. 

Ano.her chemical processing microsystem com- 
prises a su-laco defining a reaction cavity. 
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1. Claims: 1, 4, 5-15 (in part), 20-30 (in part) 

Independent claim 1, relating to a chemical processing 
microsystem comprising four or more microreactors , and a 
fluid distribution system, characterized in that the 
reaction cavity of each reactor has a geometry defined by 
X:Z and Y:Z ratio's ranging from about 1:2 to about 1:1. 

Independent claim 4, relating to a microreactor having a 
volume of not more than about 10 microliter, inlet and 
outlet ports, and a reaction cavity with a geometry defined 
by X:Z and Y:Z ratio's ranging from about 1:2 to about 1:1. 

Dependent claims 5-13, insofar they relate to the 
microsystem or the reactor from independent claims 1 or 4. 

Independent claim 14, relating to a method for identifying 
or optimizing catalysts, insofar relating to the use of the 
microsystem or reactor from claims 1 or 4. 

Independent claim 15, relating to a method for evaluating or 
optimizing process conditions, insofar relating to the use 
of the microsystem or reactor from claims 1 or 4. 

Dependent claims 20-30, insofar they relate to a method 
using the microsystem or the reactor from independent claims 
1 or 4. 



2. Claims: 2,3, 5-15 (in part), 20-30 (in part) 



Independent claim 2, relating to a chemical processing 
microsystem comprising four or more microreactors and a 
fluid distribution system, characterized in that the volume 
of the reaction cavities for at least two of the four or 
more microreactor is different from each other. 
Dependent claim 3, depending on claim 2. 

Dependent claims 5-13, insofar they relate to the 
microsystem from independent claim 2. 

Independent claim 14, relating to a method for Identifying 
or optimizing catalysts, insofar relating to the use of the 
microsystem from claim 2. 

Independent claim 15, relating to a method for evaluating or 
optimizing process conditions, insofar relating to the use 
of the microsystem from claim 2. 

Dependent claims 20-30, insofar they relate to a method 
using the microsystem from independent claim 2. 
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The Search Division considers that the present European patent application does not comply with the 
requirements of unity of invention and relates to several inventions or groups of inventions, namely: 



3. Claims: 16,19, 20-30 (in part) 

Independent claim 16, relating to a method for Identifying 
or optimizing catalysts, comprising loading materials into 
microreactors, simultaneously supplying reactants to 
microreactors, discharging a reactor effluent, and 
evaluating the materials, 1n which geometry of the reaction 
cavity and reaction conditions are such that reactant 
residence time is longer than the diffusion period. 

Independent claim 19, relating to a method for effecting a 
microscale reaction, comprising supplying reactants to a 
microreactor with a volume of not more than 10 microliter 
comprising an inlet and outlet, and converting the reactants 
into products, characterised in that the reactants reside in 
the reaction cavity for a residence time longer than the 
diffusion period. 

Dependent claims 20, 23-30 insofar they relate to a method 
according to independent claims 16 or 19. 

Dependent claims 21,22 insofar they relate to a method 
according to independent claim 16. 



4. Claims: 17,18, 20-27 (in part), 29-30 (in part) 

Independent claim 17, relating to a method for evaluating or 
optimizing process conditions, comprising simultaneously 
supplying reactants to microreactors, discharging a reactor 
effluent, controlling first and second sets of reaction 
conditions, and evaluating the effects. 
Dependent claim 18, depending on claim 17. 

Dependent claims 20-27 and 29-30 insofar they relate to a 
method according to independent claim 17. 
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